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ABSTRACT OF DISSERTATION 
 
APPLICATION OF LINEAR FREE ENERGY RELATIONSHIPS IN THE 
PREDICTION OF TRIGLYCERIDE/WATER PARTITION COEFFICIENTS AND 
LIPID BILAYER PERMEABILITY COEFFICIENTS OF SMALL ORGANIC 
MOLECULES AND PEPTIDES 
 
 Computational methods such as linear free energy relationships (LFERs) 
offer a useful high-throughput solution to quickly evaluate drug developability, e.g. 
membrane permeability, organic solvent/water partition coefficients, and solubility.  
LFERs typically assume the contribution of structural components/functional groups to 
the overall properties of a given molecule to be constant and independent.  This 
dissertation describes a series of studies in which linear free energy relationships were 
developed to predict solvation of small organic molecules in lipid formulations, 
specifically, triglyceride containing solvents and phospholipid-based liposomes.  The 
formation of intermolecular HBs in triglyceride solvents (homogenous with H-bond 
accepting ability) and intramolecular HBs within the bilayer barrier domain 
(hydrocarbon-like) proved to be the major factors to consider in developing LFERs to 
account for the increased oil/water partition coefficients and enhanced bilayer 
permeability of small organic molecules.     
 The triglyceride solvent/water partition coefficients of a series of model 
compounds varying in polarity and H-bond donating/accepting capability were used to 
establish a correlation between the solvent descriptors and the ester concentration in these 
solvents using the Abraham LFER approach.  The LFER analyses showed that the 
descriptors representing the polarizability and H-bond basicity of the solvents vary 
systematically with the ester concentration.     
 A fragment-based LFER to predict membrane permeability or 1,9-
decadiene/water partition coefficients of small organic molecules including small 
peptides was systematically constructed using a total of 47 compounds.  Significant 
nonadditivity was observed in peptides in that the contribution of the peptide backbone 
amide to the apparent transfer free energy from water into the bilayer barrier domain is 
considerably smaller than that of a “well-isolated” amide and greatly affected by adjacent 
polar substituents on the C-termini.      
   In order to explain the phenomenon of nonadditivity, the formation of 
intramolecular HBs and inductive effects of neighboring polar groups on backbone amide, 
  
were investigated using FTIR and MD simulations.  Both spectroscopic and 
computational results provided supportive evidence for the hypothesis that the formation 
of intramolecular HBs in peptides is the main reason for the observed nonadditivity of 
∆(∆G°)-CONH-.  The MD simulation results showed that the inductive effect of 
neighboring groups is not as important as the effect of intramolecular HBs.   
 
KEYWORDS: Linear Free Energy Relationships (LFER), Nonadditivity, Lipid-based 
Drug Delivery Systems, FTIR Spectroscopy, Molecular Dynamics Simulations. 
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1. CHAPTER ONE  
Introduction 
As the number of drug candidates escalates due to extensive applications of high-
throughput synthesis methods, the pharmaceutical industry requires more efficient 
approaches than traditional experiments to evaluate drug developability, e.g. partition 
coefficients between organic solvents and water, solubility, and permeability coefficients 
across membrane.  Computational approaches, such as linear free energy relationships 
(LFER), may provide useful tools to address this challenge.  The aim of this research was 
to develop LFER models to predict the physicochemical properties of solutes such as 
membrane permeability and oil/water partition coefficients in two commonly used lipid 
systems, triglyceride containing solvents and lipid bilayers.  For triglyceride solvents, the 
goal was to build a LFER model to predict the triglyceride/water partition coefficients of 
solutes based upon the chemical structures of both solute and solvents.  For lipid bilayers, 
the aim was to construct a LFER model to relate the structure of small organic molecules 
or peptides to their membrane permeability or decadiene/water partition coefficients as 
decadiene has been found to mimic the chemical selectivity of liquid crystalline bilayers 
in previous permeability experiments.  The triglyceride containing solvents explored in 
this study can be viewed as mixtures of glyceride ester moieties and saturated alkyl 
chains, which offer a homogenous environment with H-bond accepting ability.  In 
triglyceride containing solvents, intermolecular hydrogen bonding between glyceride 
ester moieties and solutes with hydrogen bond donating capacity may become important 
for the solvation of solutes.  Unlike triglycerides, lipid bilayers present a unique barrier 
domain consisting of organized alkyl chains, which impose the biggest energy penalty for 
polar molecules/functional groups to permeate through bilayers.  The formation of 
intermolecular HBs in triglycerides and intramolecular HBs within the lipid bilayer 
barrier domain may significantly alter the energetics of solute solvation in these two lipid 
systems resulting in increased oil/water partition coefficients and membrane permeability.  
Therefore, the effects of hydrogen bonding were taken into account in the development of 
LFERs in both lipid systems.  Specifically, the research effort consists of the following 
three areas of inquiry: (1) Establishing a predictive relationship to link the structures of 
both solutes and triglyceride solvents to the oil/water partition coefficients using 
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descriptor-based Abraham LFER approach (Chapter 2); (2) Constructing a predictive 
relationship between the structures of small organic molecules including small peptides 
and their permeability coefficients across liquid crystalline bilayers or partition 
coefficients between organic solvents and water using a fragment-based linear free 
energy relationship (Chapter 3); (3) Using FTIR spectroscopy and MD simulations to 
obtain a molecular level understanding (Chapters 4 and 5) for the observed nonadditivity 
in the contribution of nonisolated polar functional groups to the transfer free energy, 
particularly for the backbone amide residue embedded in peptides.     
Linear free energy relationships 
Historically, linear free energy relationships (LFERs) have been widely applied to 
predict bioavailability1, partition coefficients,1 boiling point,2 solubility,3,4 etc.  LFERs 
generally assume that the contributions of structural components or property descriptors 
of a given molecule to the overall properties of the same molecule are constant and 
additive.  Simple applications of LFERs include the pH partition theory,5,6 which 
correlates both the solute pKa and solvent pH with drug lipophilicity.  Such property-
property predictions may be oversimplified and usually require the molecule of interest to 
be synthesized and its properties characterized.   
More advanced LFERs attempt to relate the energetics of solute permeation, 
absorption, partitioning, and solubility to various solute descriptors or molecular 
fragments by assuming that the contributions of the descriptors or fragments to the 
overall properties are both independent and additive.7   
  Descriptor approaches are represented by Abraham,1 Basak,2 Nelson,4 and 
Bodor3 etc., where the solute properties (partition coefficients, boiling point, and 
solubility) are predicted from various descriptors such as acidity, basicity, polarizability, 
and volume, etc.  However, the property-descriptor LFERs are still limited by the 
availability of descriptors, particularly for newly synthesized compounds.     
The fragment approach was introduced by Hansch,11,12 who proposed a 
hydrophobicity scale, )/log( refsub PCPC=π , or a more convenient free energy 
format, )/ln(0 refsubX PCPCRTG −=Δ , to calculate the substituent contribution by 
comparing the partition coefficient of the parent compound with that of its substituted 
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derivative.  Fauchere and Pliska13 further developed this method and applied it to the 
solvation of amino acid residues in the partitioning process between 1-octanol and water.  
Fragment-based LFERs always require a reference compound to build other compounds 
of interest, and, unlike the descriptors approach, the fragment approach relates the 
properties of compounds to their structural components or constituent fragments rather 
than to the descriptors applicable to the whole molecule.     
Solvent ester concentration and oil/water partition coefficients and solubility  
Glyceride-based lipids, including mono-, di-, tri- glycerides,14,16-18 and natural 
oils19,20, are widely used in formulations to deliver drugs with poor water solubility.  
Early studies reported an increased solubility or oil/water partition coefficient of a given 
solute with increasing hydrogen bonding capacity in ester or glyceride containing lipid 
vehicles over pure hydrocarbon suggesting a potential role of specific interactions.21 The 
extent of the increased solubility varied somewhat systematically with the ester 
concentration in the lipid systems.22  Consequently, the goal of this work is to establish a 
predictable relationship between the oil/water partition coefficients of solutes and the 
ester concentration in triglyceride lipids using the Abraham LFER approach, which 
incorporates both specific (intermolecular hydrogen bonds) and nonspecific (changes in 
solvent polarity as the ester moiety concentration varies) interactions.  The Abraham 
LFER can be expressed as 
∑ ∑ +++++= xHHH vVbasrRcPC 2222log βαπ   
in which PC is the oil/water partition coefficient, 2R  is the excess molar refraction index 
of the solute, H2π  is the solute dipolarity/polarizability, Σ
H
2α  and Σ
H
2β  are the effective 
hydrogen bond acidity and basicity of the solute, and Vx with units of (cm3mol-1)/100 is 
McGowan’s characteristic volume.23-25  The constants c, r, s, a, b and v are regression 
coefficients obtained for each partitioning system.  The log scale of partition coefficients 
is proportional to the free energy of solute transfer between the two phases.  To obtain a 
better and easier understanding for the ester moiety effect, mixtures of tricaprylin and 
squalane were used as the model solvents, both of which have fully saturated alkyl chains.  
A series of model compounds with various properties, such as hydrogen bond 
donating/accepting ability and polarizability was carefully chosen for the experiments.  
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The partition coefficients of the model compounds determined in the model solvent 
systems were analyzed to construct a predictive model to relate the solvent descriptors to 
the ester concentration in lipid mixtures, which in turn offers potential for predicting 
triglyceride/water partition coefficients.   
Questions to be answered:  
1. Is it possible to relate the structures of solutes and triglyceride solvents 
to triglyceride/water partition coefficients of solutes using the Abraham 
(descriptor) LFER approach?     
2. Is there a correlation between the ester concentration in the lipid 
vehicles and changes in the solvent descriptors?    
3. Which descriptor(s) contribute more to the changes in the solvent 
properties than others as the ester concentration varies in lipid vehicles?   
4. What is the water effect on the solubility of a given solute, since the 
dissolved water provides extra hydrogen bond donating capacity for 
lipid solvents?  
Solute structure and membrane permeability coefficients 
 As one of the important physicochemical properties in drug development, the 
passive permeability coefficient of a given drug molecule across lipid bilayers is useful in 
determining drug oral bioavailability and drug access or distribution to certain organs 
such as the brain.  Therefore, the goal of this study is to develop a quantitative 
relationship between the molecular structures of peptide-like (containing glycine, alanine, 
and sarcosine residues) compounds, as well as other organic molecules and their 
permeability across DOPC (or egg PC) bilayers.  However, significant deviations in the 
free energy contributions of nonisolated polar functional groups from the additivity 
principle of LFERs have been reported by this28 and other labs29-31 and are suspected to 
be caused by the neighboring polar functional groups.  Such observed nonadditivity is 
particularly profound for the peptide backbone amides embedded in peptides/proteins.28  
Specifically, the contribution of a nonisolated peptide backbone amide to the transfer free 
energy across lipid bilayers may deviate from its isolated counterpart32 up to ~3.0 
kcal/mol per backbone amide.  Nonadditivity of such magnitude would cause serious 
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errors, up to 30-fold difference between computational and experimental values for 
merely one amino acid residue, making a LFER model useless.  Consequently, in this 
section of research, we first investigated the free energy contribution for transferring a 
peptide backbone amide with various neighboring polar functional groups across liquid 
crystalline phase bilayers (DOPC) or from water to bulk organic solvents such as 1,9-
decadiene, 1-octanol, and CCl4, to clarify the neighboring group/proximity effect.  To 
achieve this goal, a series of glycine containing compounds RGZ and their reference 
counterparts RZ (N-terminus R- = acetyl (Ac), p-toluyl (Tol), 4-methylphenyl acetyl 
(MPA), and 4-carboxymethylphenyl acetyl (CMPA); C-terminus -Z = –OH, -OMe, -
NHMe, and -NMe2) were synthesized and their bilayer permeability and organic 
solvents/water partition coefficients were determined.  The contributions of the glycine 
residue associated with various R- and -Z to the peptide transfer free energy were 
calculated using two fragment-based LFER equations: 
)/ln()( 0 RZRGZgly PCPCRTG −=ΔΔ  and )/ln()(
0
RZRGZgly PPRTG −=ΔΔ  (PC: partition 
coefficient; P: intrinsic permeability coefficient).  The ultimate goal of this section of 
research is to relate the structure of small organic molecules including small peptides to 
their permeability across liquid crystalline bilayers (DOPC) and 1,9-decadiene/water 
partition coefficients33,34 using the knowledge of neighboring group effects from the 
RGZ/RZ series of compounds and all the data obtained in the above bilayer/organic 
solvent systems.  The new fragment-based LFER approach was built from a simple and 
universal reference compound (e.g. formic acid) instead of the structurally related 
reference compounds, such as RZ, to make the model more universally applicable.   
Questions to be answered: 
1. To what extent does the contribution of backbone amide embedded in peptides to 
the peptide transfer free energies from water to the bilayer barrier domain or 
decadiene differ from that for the “well-isolated” amide bond?  
2. What is the terminal effect/neighboring polar group effect on the transfer free 
energy of peptide backbone amide into the bilayer barrier domain as obtained by 
examining relative permeabilities of the RGZ/RZ series of compounds? 
3. Is the observed nonadditivity in the peptide backbone amide contribution to 
peptide transfer free energy across lipid bilayers quantifiable? Is it possible to 
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incorporate appropriate correction terms in the new fragment-based LFER to 
address the nonadditivity problems and neighboring group effects? 
4. Is the nonpolar surface area combined with nonpolar solvation parameter 
adequate to represent the free energy contribution of the nonpolar portion of a 
given solute?   
5. Is a size correction necessary to account for differences between bilayer 
permeability and decadiene/water partition coefficient, particularly when a small 
reference compound (formic acid) is used?   
Spectroscopic and computational methods to study the observed nonadditivity in 
transfer free energy of polar functional groups  
 As introduced in the previous section, the observed nonadditivity in the transfer 
free energy of the peptide backbone amide is significant and may hinder the accurate 
prediction of physicochemical properties of peptide/peptide-like drug candidates.  A 
molecular level understanding of this phenomenon may eventually facilitate the 
refinement of LFER models to enable better predictions.  Two hypotheses are proposed 
to explain the observed nonadditivity in the free energy contribution of the peptide 
backbone amide: (1) the formation of intramolecular HBs within a given peptide may 
alter the solvation of polar functional groups leading to inconsistent free energy 
contributions, which is also referred as “self-solvation”;31 or (2) inductive effects of 
neighboring polar substituents may alter electrostatic interactions and the corresponding 
solvation of the polar groups of interest.  The two hypotheses can not be tested by LFER 
approaches, because LFERs are empirical relationships derived from certain 
physicochemical properties of a series of model compounds, which can, at best, provide 
indirect evidence for the mechanism of nonadditivity.  On the contrary, spectroscopic and 
computational methods, FTIR35 and MD simulations,36 respectively, have the potential to 
directly evaluate the formation of intramolecular HBs as well as their corresponding 
contributions to the observed nonadditivity.  Besides, MD simulations may enable us to 
estimate the contribution of partial atomic charges36 in a given molecule to the 
nonadditivity.   
Questions to be answered:  
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FTIR spectroscopy:  (only in CCl4) 
1. Could intramolecularly H-bonded species be determined in glycine containing 
compounds, MPA-G-X (MPA = 4-methylphenyl acetyl; -X = –OH, -OMe, -
NHMe, and -NMe2)? To what extent do intramolecular HBs occur?  
2. Do differences in intramolecular HBs exist when the terminal group (-X) in MPA-
G-X is varied from oxygen to nitrogen containing moieties?  
3. Does a correlation exist between the extent of intramolecular HBs as observed by 
FTIR and the correction factor needed to account for the nonadditivity in transfer 
free energy of a given peptide backbone amide from water to the bilayer barrier 
domain or to organic solvents?   
MD simulations:  
1. To what extent do intramolecular HBs occur in MPA-G-X (MPA = 4-
methylphenyl acetyl; -X = –OH, -OMe, -NHMe, and -NMe2) in water, CCl4 and 
DEDI? Is the extent of intramolecular HBs in MPA-G-X observed by MD 
simulations comparable to that by FTIR?  
2. Do differences in intramolecular HBs exist when the terminal group (-X) in MPA-
G-X is varied from oxygen to nitrogen containing moieties? 
3. Does a correlation exist between the extent of intramolecular HBs as determined 
by MD simulations and the correction factor needed to account for the 
nonadditivity in transfer free energies of peptide backbone amide from water to 
the bilayer barrier domain or to organic solvents? 
4. Does a correlation exist between the partial charges of MPA-G-X obtained in MD 
simulations and the correction factor that was needed to account for the 
nonadditivity in the transfer free energy of the peptide backbone amide (or amino 
acid residue) from water to organic solvents or to the bilayer barrier domain? 
5. Can MD simulations accurately estimate the transfer free energies of the glycine 
residue in MPA-G-X series of compounds from water to CCl4 or DEDI based 
upon the total free energies of MPA-G-X in the three solvents?   
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2. CHAPTER TWO 
Predictive Relationships for the Effects of Triglyceride Ester 
Concentration and Water Uptake on Solubility and Partitioning of Small 
Molecules into Lipid Vehicles 
 
Introduction 
Natural and synthetic lipids comprised of triglycerides of varying chain length 
and degree of unsaturation are extensively utilized in the pharmaceutical industry to 
enhance solubility and oral bioavailability of lipophilic drugs.  Currently, the selection of 
the optimal lipid-based delivery system for a given drug requires a consideration of 
numerous physicochemical and biological factors.1-4  Certainly one of the most important 
of these is the solubility of the drug in a given lipid vehicle, which at the present time 
must be determined experimentally in each vehicle under consideration.  Computational 
methods that would allow the solubility in a given lipid vehicle to be estimated from the 
water solubility of a compound or from its chemical structure would be quite valuable in 
the early stages of development.  Similarly, computational methods to predict the 
oil/water partition coefficient from chemical structure may be useful in the assessment of 
drug permeability across biomembranes.  
Linear free energy relationships (LFER) such as those developed recently by 
Abraham et al.5-9 appear to be useful empirical methods for predicting partition 
coefficients or other solvation properties once a sufficient experimental data base is 
available in the system of interest to constitute a “training set”.  The Abraham approach 
assumes that the affinity of a given solute for a particular solvent can be described 
mathematically in terms of the independent, additive contributions of different types of 
solute-solvent interactions.  Similarly, the contribution of each type of interaction in a 
partitioning process is determined by the product of a solute descriptor and a sensitivity 
parameter obtained from regression analysis.  Thus, the partition coefficient of a solute 
between two immiscible condensed phases, such as water and a lipid solvent, the log of 
which is proportional to the free energy of transfer of solute between the two phases, can 
be expressed by the following equation: 
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∑ ∑ +++++= xHHH vVbasrRcPC 2222log βαπ  (Eq 2.1) 
in which PC is the oil/water partition coefficient, 2R  is the excess molar refraction index, 
H
2π  is the solute dipolarity/polarizability, Σ
H
2α  and Σ
H
2β  are the effective hydrogen 
bond acidity and basicity of the solute, and Vx with units of (cm3mol-1)/100 is 
McGowan’s characteristic volume.10-12  The constants c, r, s, a, b and v are regression 
coefficients obtained for each partitioning system.  Hence, the coefficient r describes the 
difference in the tendencies of the two solvents to interact with the solute through n- and 
π-electron pairs, s reflects the relative tendencies of the two phases to interact with 
dipolar/polarizable solutes, a is a measure of the relative hydrogen bond basicities of the 
two phases, b denotes the relative hydrogen bond acidities of the two phases, and the v-
coefficient reflects dispersion or cavity effects.  Similar LFERs have been applied to a 
variety of partitioning phenomena to predict, for example, retention behavior on 
chromatographic stationary phases,13-15 binding to lipid bilayer membranes or micelles,16-
18 or virtually any solute property involving transfer between two separate phases.9  
A significant limitation of the approach described above is that most of the solute 
descriptors (Vx is an exception) must be determined from experimental measurements 
and therefore require that the compound of interest be available and that the appropriate 
experiments be conducted.  However, Platts et al.19 have recently proposed that each of 
the solute descriptors can themselves be estimated by summing the individual 
contributions of carefully chosen molecular fragments.  This makes possible the 
estimation of numerous physicochemical properties solely from chemical structure. 
Nevertheless, the approach still relies heavily on the availability of a large experimental 
dataset for the transfer process of interest in order to generate reasonable regression 
coefficients for the solvent and thus the number of physicochemical properties that can be 
predicted is somewhat limited at present.   
Intuitively, one might reasonably expect solvent coefficients to likewise reflect 
the contributions of various structural elements comprising the solvent molecules.  
Considering triglycerides, each molecule consists of three alkyl side chains and three 
ester groups.  The lengths of side chains determine not only the overall hydrophobicity of 
the triglyceride but also its molecular weight and volume, and therefore the molar 
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concentration of ester moiety and the overall hydrogen bond accepting propensity of the 
vehicle.  Previous work conducted in this laboratory20 and elsewhere21 as well as existing 
LFERs suggest that the solvent characteristics of triglycerides vary somewhat 
systematically with structural features such as degree of unsaturation, chain length and 
ester concentration.   
In order to explore a possible relationship between triglyceride structure and 
changes in LFER solvent regression coefficients, model lipid systems composed of 
tricaprylin and squalane in different ratios were chosen. Both lipid solvents lack 
unsaturation, so the possible effect of side chain double bonds was excluded from 
consideration in this study.  In addition, six model solutes were selected that varied 
significantly in polarity and in hydrogen bond donating and accepting capabilities as 
defined by their previously determined solute descriptors.  Lipid/water partition 
coefficients for this set of solutes were generated in a set of seven tricaprylin-squalane 
mixtures and regression analyses were performed to generate solvent coefficients for 
each solvent mixture.  From these coefficients a master equation was derived for 
predicting partition coefficients of the entire solute-solvent database. 
Natural oils commonly used as lipid vehicles, such as olive oil, sesame oil, etc., 
are known to absorb a certain amount of water, varying between 300 and 1000 ppm.22  
Natural oils containing hydroxyl groups on the side chains can accommodate higher 
water contents.  For example, the water content in castor oil at saturation has been 
reported to be 9000 ppm.23  Solvated water may increase the solubilization capacity of 
triglycerides as observed in other organic solvents such as ethers and alcohols 24,25 and 
may also influence the chemical stability of drug molecules in such vehicles.  
Consequently, we also examined the extent of water uptake in the tricaprylin-squalane 
mixtures as a function of water activity, triglyceride molarity, and the presence of 
dissolved drug. 
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Experimental 
Chemicals and Reagents 
Benzamide, N-methylbenzamide, methyl phenylacetate, phenetole, benzyl alcohol, 
3-chlorophenol, 1-dodecanol, squalane and tricaprylin were obtained from Sigma-Aldrich. 
(St. Louis, MO and Milwaukee, WI)  All the solvents used for mobile phases were HPLC 
grade. Saturated KOH, CaCl2, Ca(NO3)2 and KCl solutions were used for the preparation 
of constant relative humidity chambers.  Deionized water was used for solutions and 
mobile phase preparations.  
Oil Mixture Preparations 
Tricaprylin and squalane were blended in different ratios to obtain a series 
varying in ester concentration.  Each oil mixture was divided into two portions.  One 
portion was equilibrated with deionized water for at least 2 days.  The other portion was 
dried for 1 week in sealed containers containing molecular sieves (4 Å pore size, Aldrich, 
Milwaukee, WI) that were thoroughly dehydrated at 150 ºC under vacuum overnight 
followed by cooling under vacuum to ambient temperature. 
Partition Coefficient Measurements 
One milliliter aliquots of aqueous solutions containing 20 mM benzamide, 30 mM 
N-methylbenzamide, 40 mM 3-chlorophenol, 20 or 200 mM benzyl alcohol were added 
to 1 mL of oil mixture in 2-mL clear microcentrifuge tubes.  Due to the low water 
solubility of phenetole and methyl phenylacetate, stock solutions of these compounds 
were initially prepared in the oil vehicles rather than in water. 7.2 μL phenetole and 6 μL 
methyl phenylacetate were dissolved in 1 mL lipid mixture followed by the addition of 1 
ml of water in 2-mL microcentrifuge tubes.  All samples were vortexed 1 min then 
tumbled in a 25°C incubator for 4 h.  The equilibrated samples were centrifuged at 13000 
rpm at 25 °C for 10 minutes. Subsequently, water phases and oil phases were separated 
using disposable pipettes with extra care to avoid cross-contamination, and analyzed as 
described in the following sections.  
Solubility Determinations 
Solubility studies were feasible only for N-methylbenzamide and benzamide, 
since the other model solutes were miscible with the oil vehicles at all ratios.  Solubility 
samples were prepared by adding excess solid in 1.0 mL dry or wet oil mixture with 
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excess water.  Samples were rotated for at least 3 days in an incubator at 25 °C.  After 
equilibration, the samples were centrifuged at 13000 rpm and 25°C for 10 min and the oil 
phase was collected using a disposable pipette for HPLC analysis. 
HPLC Assays 
Aliquots (10-25 μL) of the oil phase from partitioning or solubility experiments 
were accurately weighed (Mettler AE163 5-place balance, Toledo, OH) and transferred to 
3 mL HPLC mobile phase and mixed well.  Samples of the aqueous phase from 
partitioning experiments (10 μL, benzamide; 15 μL, N-methylbenzamide; 100 μL, 3-
chlorophenol, benzyl alcohol and methyl phenylacetate; and 300 μL, phenetole) were 
treated similarly.  All samples were analyzed by HPLC using a Supelco ABZ+ column 
(4.6 mm × 25cm; 5 μm packing) (Bellefonte, PA) at room temperature and a variable 
wavelength detector (Model 1050, Hewlett-Packard, Avondale, PA) at wavelengths of 
220 nm (phenetole, 3-chlorophenol and methyl phenylacetate), 240 nm (benzamide and 
N-methylbenzamide) or 254 nm (benzyl alcohol).  Mobile phases contained water, 
isopropanol, acetonitrile, and formic acid at the ratio of 64.9:25:10:0.1% (v/v) for 
benzamide, N-methylbenzamide and benzyl alcohol and 54.9:25:20:0.1% (v/v) for 
phenetole, methyl phenylacetate and 3-chlorophenol.  Retention times at 0.6 ml/min were 
6.5, 7.0, 8.0, 9.5, 17 and 18 minutes for benzamide, n-methylbenzamide, benzyl alcohol, 
methyl phenylacetate, phenetole and 3-chlorophenol, respectively.  HPLC assays for each 
model compound were validated over a 100-fold concentration range using three sets of 
independent standards each diluted 10x and 100x. All chromatograms were acquired and 
analyzed using an HP Chemstation (v0901, Hewlett Packard). 
Water Content Determinations 
A Brinkmann 684KF Coulometer (Westbury, NY) was used to determine the 
water content in lipid mixtures, which were either dried over molecular sieves or 
saturated with water.  In solubility studies, wet oil mixtures were equilibrated with excess 
solid solute and excess water.  A series of constant relative humidity chambers were 
prepared containing saturated aqueous KOH, CaCl2, Ca(NO3)2, or KCl solutions.26  
Relative humidities were measured using a hygrometer (Model 35519-041; VWR, West 
Chester, PA). Predried oil mixtures (3 mL) were placed into these constant humidity 
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chambers and equilibrated for 1 week at 25 °C.  (One week was determined to be 
sufficient to reach constant water content.)  The water contents of dry and water saturated 
lipid mixtures as well as the lipid mixtures equilibrated in the constant moisture chambers 
were determined using 70% Coulomat AG (Aldrich Chemical Co.) and 30% 1-dodecanol 
(v/v).  Calibration curves were generated by injecting various amount of Hydranal 
standards (0.10 and 1.00 mg/ml water standards, Aldrich).  ~0.1 mL aliquots of all lipid 
mixtures, with or without model solutes, were injected to the Coulomat AG-dodecanol 
solution in Brinkmann 684KF Coulometer, which determines the water content of a given 
sample using coulometirc Karl-Fisher titration method.  In order to acquire the statistics 
of water content in lipid mixtures, both calibration and sample measurements were 
performed in triplicate.  The weight of the injected samples was accurately measured and 
the volume of each injection was subsequently calculated from the densities of the oil 
mixtures.  The water contents have been reported as mol H2O/L oil.    
Regression Analyses 
MicroMath Scientist (MicroMath Co., S.L.C. UT) was utilized for all computer 
regression analyses.  
Source of Solute/Solvent Descriptors  
In the Abraham relationship, shown in Eq 2.1, the excess molar refraction index, 
R2, was developed from the concept of molar refraction, MRx, which can be expressed by 
XXX VfVMR )(10)2/()1(10
22 ηηη =+−= ,26  
where MRx, Vx, and f(η) are molar refraction, characteristic volume, and refractive index 
function of a given solute, respectively.  The f(η) function can be derived from the solute 
refractive index (η) by the relationship of )2/()1()( 22 +−= ηηηf .27  In the early 
development of the Abraham approach, a solubility term of logL16, representing the 
cavity effect as well the solute-solvent dispersion interactions, (L16: Ostwald solubility 
coefficients of a solute in n-hexadecane at 298K) was used.26  In the same research, 
Abraham et al.26 found that MRx is mathematically correlated to logL16.  In order to 
eliminate the correlation, the molar refraction for an alkane of the same characteristic 
volume (VX) is subtracted from the solute MRx, and thus a new descriptor, excess molar 
refraction index (R2), is defined by the equation: R2 = MRx(observed)-MRx(alkane of 
same Vx).  The latter quantity in the equation is obtained by the relationship: 
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VxMRX 831.2525.0Vx) same of alkane( +−=  generated in the same research.  The 
dipolarity-polarizability descriptor H2π was developed by Abraham et al. from the gas 
chromatographic data.28  The McGowan’s characteristic volume (Vx) of solutes11 arises 
from the energy required for separating the solvent molecules to create a cavity with 
appropriate size to accommodate the solute of interest.  Vx can be easily calculated by 
summing the characteristic volume of each atom and bond in the molecule.  The 
characteristic atomic volumes are listed in Table 2.3B.11  Abraham et al.11 found that such 
a simple scale for the volume term is mathematically equivalent to the more complicated 
Leahy intrinsic volume, Vl,29 which was calculated from the solute X-ray structures and 
the corresponding conformations.  The acidity30 and basicity scales31,32 ( H2α and
H
2β ) in 
the Abraham LFER were originally derived from 1:1 hydrogen bond complexation 
constants ( HAKlog  or 
H
BKlog , determined with spectroscopic techniques) using an 
empirical relationship: 636.4/)1.1(log2 +=
H
A
H Kα  or 636.4/)1.1(log2 +=
H
B
H Kβ , in 
which the scaling factor of 4.636 was derived from the complexation constant of 
hexamethylphosphoric triamide and the 1.1 is a fitted parameter.  The effective hydrogen 
bond acidity and basicity, Σ H2α  and Σ
H
2β ,
9,33,34 were developed more recently from GLC 
data and their values are rather close to H2α and
H
2β for monofunctional solutes.   
 
Results and Discussion 
An inspection of previously published oil and alkane solvent coefficients 
generated from solvent/water partition coefficients (Table 2.1) lends support to the 
premise in this article that solvent coefficients reflect the contributions of various 
structural elements comprising the solvent molecules.  A comparison of the coefficients 
for hexadecane/water or alkane/water partitioning to those for olive oil/water partitioning 
suggests that whereas most of the coefficients are similar in these systems, marked 
differences are evident in the values of s and a, coefficients that denote differences 
between alkane and triglyceride solvents in their relative tendencies to interact with 
dipolar/polarizable solutes and hydrogen bond donating solutes, respectively.  This is 
 
18
precisely the expected influence of the dipolar, hydrogen bond accepting ester linkages 
present in olive oil. 
  Tricaprylin/squalane mixtures (structures shown in Scheme 2.1) serve as reliable 
systems to further explore the variation of these coefficients with changes in trigyceride 
composition.  Their similar molecular size enables one to ignore size corrections 
stemming from Flory-Huggins theory35 while the fully saturated character of their alkyl 
chains eliminates possible effects of double bonds.  The structures of the model solutes 
selected are shown in Table 2.2 and their descriptors applicable to Eq 2.1 are listed in 
Table 2.3A.  Though the solutes chosen were similar in their molecular volume term, Vx, 
and refractive index descriptor, 2R , they were relatively diverse in terms of 
H
2π (dipolarity/polarizability), Σ
H
2α  (effective hydrogen bond acidity) and Σ
H
2β  
(hydrogen bond basicity).  A much larger test set would be necessary to adequately 
explore the dependence of the solvent coefficients r and v on triglyceride composition, if 
any dependence exists. 
LFER for Tricaprylin-Squalane/Water Partition Coefficients 
The partition coefficients, solubilities, and water contents in tricaprylin-squalane 
solvent mixtures ranging from neat squalane to neat tricaprylin are listed in Table 2.4 and 
5.  The robustness of the alkane solvent coefficients listed in Table 2.1 for predicting the 
partition coefficients reported in squalane (Table 2.4 (first row)) was first tested.  The 
descriptors of all model solutes and the alkane solvent coefficients from Table 2.1 are 
substituted in Eq 2.1 and the calculated log PC values are plotted against the 
experimental values in Figure 2.1.  From the plot, the slope of the line representing the 
best fit of the data is very close to 1 indicating the alkane solvent coefficients reported in 
Table 2.1 reliably predicted the squalane/water partition coefficients for the test solutes 
used in this study.  The dashed line in Figure 2.1 represents the line of identity between 
the predicted and measured results.  The 95% confidence limits of the slope and the 
intercept indicated that the parameters representing the fitted line did not differ 
significantly from the dashed line. 
In assessing the influence of triglyceride concentration on the solvent coefficients, 
the partition coefficients in solvent mixtures were normalized to the squalane/water 
partition coefficient as illustrated in Eq 2.2.  The ratio (log(PCmixture/PCsqualane) shown in 
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Eq 2.2, reflects the differences (i.e., Δs, Δa, and Δb) in intrinsic properties of lipid 
mixtures with different ester concentrations in relation to the properties of squalane 
∑ ∑Δ+Δ+Δ= 222)/log( βαπ basPCPC HHsqualanemixture            (Eq 2.2) 
The normalized partition coefficients for each model compound in various lipid mixtures 
are illustrated in Figure 2.2 (points are the experimental values) as a function of molar 
concentration of ester.  It is evident in Figure 2.2  that in general the normalized partition 
coefficients for each model compound are a function of the ester concentration in the oil 
mixtures.  However, the magnitude of changes for the non-hydrogen bond donors, 
phenetole and methyl phenylacetate, are significantly less than those for compounds that 
possess a donatable hydrogen.  Due to the interactions between amide NH or alcohol OH 
groups and the triglyceride ester groups, higher slopes and a significant upward curvature 
can be observed for the normalized partition coefficients versus ester concentration for all 
hydrogen bond donating compounds.  Because its chlorine atom is strongly electronic 
withdrawing, 3-chlorophenol is the strongest hydrogen bond donor evaluated and, not 
surprisingly, 3-chlorophenol exhibits the highest log(PCmixture/squalane) value at all ester 
concentrations.   
In preliminary fits of the partitioning data in Table 2.4 or Figure 2.2  to Eq 2.2 we 
found that the b coefficient in the different solvents did not vary significantly and thus it 
was possible to set Δb to zero.   Consequently, Eq 2.2 was simplified to Eq 2.3  
∑Δ+Δ= HHsqualanemixture asPCPC 22)/log( απ                (Eq 2.3) 
The values and standard deviations of the parameters Δs and Δa obtained from regression 
analysis are listed in Table 2.6.  These values were used to generate the solid lines in 
Figure 2.2.  Both Δs, an indicator of the relative solvent dipolarizability/polarizablity, and 
Δa, the relative solvent hydrogen bond basicity, increase systematically with ester 
concentration.    
Shown in Figure 2.3A is a plot of Δs versus ester molarity, indicating that the 
dependence of this solvent coefficient on the ester moiety concentration appears to be 
linear ( ][097.0 Es ×=Δ ).  The dependence of Δa on ester molarity is distinctly non-linear 
and can be described by the following empirical relationship: )][1log( nEKa ×+=Δ , in 
which K equals 46.7±5.5 and n equals 1.53±0.10.  The plot of Δaexp (experimental) vs. 
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Δacal (= )][1log( nEK ×+  is depicted in Figure 2.3B.   Inserting these ester molarity-
dependent solvent coefficients back into Eq 2.1 leads to the new Eq 2.4 shown below that 
may be useful for predicting the partition coefficient for any solute for which Abraham 
descriptors can be determined in a variety of triglyceride solvents composed solely of 
saturated alkyl chains and triglyceride moieties.  The form of this model is depicted in Eq 
2.4, in which c, r, s0, a0, b and v are the Abraham solvent parameters for an alkane.   
x
HH vVbEaEsrRcPC +∑+∑×+++×+++= 22
53.1
22 )][7.461log(0(])[097.00(log βαπ
      (Eq 2.4) 
Eq 2.4 can be transformed to Eq 2.5 to eliminate the alkane/squalane difference and 
predict the normalized partition coefficients 
HH
squalanemixture EEPCPC 2
53.1
2 )][7.461log(])[097.0()/log( απ ∑×++×=             (Eq 2.5) 
Eq 2.5 was utilized to calculate the logarithms of the normalized partition 
coefficients of the six model compounds (excluding water) which are shown in Figure 2.4 
versus the experimentally determined values.  The slope of the correlation is nearly one 
and all experimental points are very close to the predicted line indicating that Eq 2.5 
describes the entire dataset quite precisely.   
The physical meaning of these relationships is unclear at present.  The dominant 
term in Eq 2.3 is ΔaΣα2H reflecting the importance of hydrogen bonded complexes 
between the solute and the triglyceride moiety in determining the partition coefficient 
into the oil mixtures.  For simple 1:1 complex formation, the expected form of the 
relationship between Δa and [E] is Δa  = log(1 + K[E]).  The finding that an exponent of 
1.5 rather than 1 is necessary may indicate that this term reflects more than simple 1:1 
complexation.  Most of the solutes in the test set contained a single donatable hydrogen, 
so higher order complexes do not seem likely in most cases (though bifurcated hydrogen 
bonds may exist).  Also, the mathematical form of the Abraham relationship does not 
readily lend itself to the treatment of higher order complexes.  Another factor that is not 
explicitly considered in the approach is the solvation of complexes that are sufficiently 
stable to be treated as distinct species.    
A comparison of the solubility ratios of benzamide and N-methylbenzamide in 
wet oils compared to squalane calculated from the data in Table 2.5 established that at 
low ester molarities (≤ 1.5 M) these values were not significantly different from the 
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normalized partition coefficients, while at higher ester concentrations the solubility ratios 
exceeded the normalized partition coefficients.  This may be attributable to the influence 
of high solute concentrations on the solvent properties in saturated solubility 
measurements or self-association effects that are not taken into account in Eqs 2.4 or 2.5 
and would depend on the solubility of the solute under investigation.  An additional 
consequence of high solute concentrations is a “water dragging” effect, as discussed in 
the next section. 
Water Content in Lipid Mixtures 
The equilibrium water content in various triglyceride mixtures and the influence 
of dissolved solutes and the thermodynamic activity of water on water uptake were 
determined by the Karl Fischer method.  Values for water content in the absence of solute 
and in saturated solutions of benzamide or N-methylbenzamide are shown as a function 
of the various triglyceride-squalane mixtures in Table 2.5.  Figure 2.5A shows that the 
expected dependence of water uptake on ester concentration is seen, with water content 
increasing by 100-fold between squalane and tricaprylin.  Figure 2.5B illustrates the 
effect of relative humidity on water uptake in the various lipid mixtures.  When water 
was initially included in the “test” set of model compounds using published solute 
descriptors, it appeared to be a significant outlier and thus was ultimately treated 
separately.  Figure 2.6 (diamonds) illustrates the deviation of the calculated normalized 
partition coefficients for water from the line of identity when the solute descriptors taken 
from the literature as listed in Table 2.3A were used in conjunction with Eq 2.5.  The 
reliability of Eqs 2.4 or 2.5 depends on the accuracy of the solute descriptors generally 
obtained from literature compilations or estimated from the group contribution method as 
recently described.19,25  One of the difficulties with including water in the “test” set is that 
there does not appear to be a consensus set of descriptors for water.  In particular, the 
Σ H2α value representing the hydrogen bond donating descriptor for water appears to be 
solvent dependent.24  It is possible that the previously determined descriptors for water 
are inaccurate (A reasonable agreement with the line of identity having a slope of 1 was 
possible (data not shown) by treating the Σ H2α  and Σβ2
H values for water as adjustable 
parameters with the best estimates determined to be Σ H2α  = 0.65 ± 0.05 and Σβ2
H = 
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0.64±0.02).  Because the published water descriptors are believed to represent the 
monomeric species,6 self-association of water in the oil mixtures was considered as a 
possible cause for the significantly higher values for water content observed 
experimentally in comparison to those predicted from the literature descriptors for water 
using Eq 2.5.  Several studies have suggested that the dissolved water in saturated 
hydrocarbons and in triglycerides exists partially in clusters.22,23  Self-association would 
be expected to result in concave-upward curvature in plots of water content versus 
relative humidity due to an exponent of >1 in the mass action law for cluster formation.  
However, as shown in Figure 2.5B the dependence of water uptake on relative humidity 
is nearly linear, providing little evidence for increasing self-association with increasing 
water activity.  The failure of existing solute descriptors to account for the equilibrium 
water content in these triglyceride-squalane lipid mixtures indicates that the descriptors 
for water need to be re-evaluated.  
Solvated Water Effect on Solubility and the Water-Dragging Effect 
The ester concentration-dependent solvent coefficients in Eqs 2.4 and 2.5 were 
generated from solvent/water partition coefficients and thus reflect the properties of the 
water-saturated lipid mixtures.  Abraham et al.24,25 have recently developed new sets of 
solvent coefficients for “dry” organic solvents by using gas/organic solvent partition 
coefficients to differentiate them from those traditionally derived from “wet” solvents in 
an attempt to predict partitioning more accurately under all circumstances.  Although the 
solvation properties of water-saturated and dry organic solvents are similar, they are not 
identical.  To examine the possible role of water uptake in the solvation properties of the 
triglyceride-squalane lipid mixtures, the solubilities of benzamide and N-
methylbenzamide were determined in both dry and water-saturated lipid mixtures.  
Solubility determinations for the complete set of model compounds employed in the 
partitioning studies were not possible because most of the solutes are miscible with the 
lipid mixtures employed.  The normalized solubilities (Smixture/Ssqualane) of benzamide and 
N-methylbenzamide in dry and wet oils are shown in Figure 2.7.  The differences are 
substantial at the higher ester concentrations, with an increase of more than 50% in the 
solubility of N-methylbenzamide in water-saturated tricaprylin in comparison to dry 
tricaprylin.  From a practical viewpoint, these observations suggest that solubility 
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determinations in water-saturated lipids should be considered in certain situations when 
selecting a lipid vehicle for drug solubilization.  Testa et al.36-38 examined the partitioning 
of a series of solutes between water and ethers, and found that water uptake is increased 
by the solute partitioning.  They referred to this phenomenon as the “water-dragging 
effect”.  They also determined that the dominant factor contributing to this effect is the 
combination of the hydrogen bond donating ability of the solute and the hydrogen bond 
accepting capacity of the solvent.  Water uptake was determined in the various oil 
mixtures both in the presence and absence of excess solute as listed in Table 2.5 and 
displayed in Figure 2.5B.  While the limited solubility of benzamide had no appreciable 
impact on water uptake, the water content was 40% higher in tricaprylin saturated with 
N-methylbenzamide, indicating a significant “water-dragging effect” for this solute.  The 
higher solubility of N-methylbenzamide probably accounts for the difference between the 
effect of this solute and benzamide on water content (Figure 2.5).  
Nonetheless, other studies suggested that the water effects on the solute solubility 
in glyceride based solvents are inconsistent.  Land et al.39 discovered that the dissolved 
water indeed lowered the solubility of testosterone and estradiol in natural oils through 
the formation of hydrates.  Rane et al.40 examined the solubility of several model 
compounds in monoglyceride/triglyceride mixtures and found that water uptake had 
almost no impact on the solubility of most solutes studied.  However, increased and 
decreased solubilities were observed for benzamide and anthracene, respectively, as the 
water activity in the lipid mixtures increased.  A more recent MD simulation study 
reported by Rane and Anderson41 revealed that water may induce organization of the 
lipid molecules, which is supported by experimental studies such as freeze fracture 
electron microscopy42 and X-ray diffraction.43 Overall, the results in this study and in 
literature indicate that water effects on the solubility of solutes in lipid mixtures are 
complex and water content should be carefully regulated in lipid formulations.    
 
Conclusion 
The lipid/water partition coefficients of a series of model solutes with varying 
hydrogen bond donating/accepting abilities have been shown to vary systematically with 
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triglyceride ester concentration using lipid solvent mixtures varying in 
squalane/tricaprylin ratios.  General linear free energy solvation relationships having the 
form utilized previously by Abraham were obtained at each solvent composition.  Those 
descriptors representing the sensitivity of the solvent to the solute 
dipolarity/polarizability, s, and to the hydrogen bond acidity of the solute, a, were shown 
to vary systematically with the concentration of ester moiety in the solvent mixture.  An 
empirical equation has been derived that offers the potential for predicting 
triglyceride/water partition coefficients and in certain cases, solubility, in hydrated, fully-
saturated triglyceride solvents for any small molecule for which Abraham solute 
descriptors can be obtained.  The inability to accurately predict water uptake in these 
lipid mixtures using the existing solute descriptors for water raises some concern as to the 
universality of the approach, however.  Perhaps the solute descriptors for water require 
revision but additional data will be required to determine whether or not this relationship 
can be shown to apply generally to solutes beyond those included in the “test” set.  The 
physical meaning of the empirically derived constants relating the solvent coefficients, Δs 
and Δa, to ester molarity is also unclear.  For example, the basis for a linear dependence 
of Δs on [ester] while Δa, the relative solvent hydrogen bond basicity, depends on 
[ester]1.53 will require further investigation. 
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Table 2.1 Regression Coefficients Reported in the Literature for Triglyceride and Alkane 
Solvent/Water Partition Coefficients Using Eq 2.19 
 
Solvent 
Ester Conc. 
(mol/L) 
c r s a b v 
        
Olive oil 3.1 -0.086 0.575 -0.861 -1.447 -4.945 4.295 
Hexadecane 0.0  0.103 0.686 -1.624 -3.566 -4.880 4.444 
Alkane 0.0  0.281 0.647 -1.687 -3.520 -4.848 4.326 
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Table 2.2  Structures of Model Solutes 
 
Chemical name  Structures 
Benzamide  
NH2
O
 
N-methylbenzamide  
NHMe
O
 
3-Chlorophenol  
OH
Cl  
Benzyl Alcohol  
OH 
Methyl phenylacetate  OME
O
 
Phenetole  OEt
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Table 2.3 (A) Solute Descriptors9-12 for All Test Solutes and Water 
 
 
 
(B) Characteristic Atomic Volume (Vx with a unit of (cm3mol-1)/100) 
 
Elements Vx Elements Vx 
C 0.164 O 0.124 
Si 0.268 S 0.229 
Ge 0.310 Se 0.278 
Sn 0.394 Te 0.361 
N 0.144 F 0.105 
P 0.249 Cl 0.210 
As 0.294 Br 0.262 
Sb 0.377 I 0.345 
H 0.087 B 0.183 
 
Each bond, regardless of its nature (single, double, or triple), presents a Vx of -0.066.   
Model compounds 2R  
H
2π  Σ
H
2α  H2β∑  Vx  
Benzamide 0.99 1.50 0.49 0.67 0.97 
N-methylbenzamide 0.95 1.44 0.35 0.73 1.11 
3-Chlorophenol 0.91 1.06 0.69 0.15 0.90 
Benzyl Alcohol 0.80 0.87 0.33 0.56 0.92 
Methyl phenylacetate 0.70 1.13 0 0.58 1.21 
Phenetole 0.68 0.70 0 0.32 1.06 
Water 0.39 0.40 0.35 0.38 0.17 
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Table 2.4 Solvent (Tricaprylin-Squalane Mixtures)/Water Partition Coefficients* at 25 °C  
 
Ester Conc. 
(mol/L) Benzamide 
N-Me-
Benzamide 3-Cl-Phenol 
Me-Phe-
acetate Phenetole 
Benzyl 
Alcohol Water 
 
0.0 
 
3.6(0.7)×10-3 
 
0.013(0.001) 
 
0.41(0.01) 
 
19(2) 
 
370(3) 
 
0.144 
 
2.8(0.2)×10-5 
     0.3 7.1(0.2)×10-3 0.023(0.002) 3.02 (0.08) 22(1) 400(2) - 6.6(0.4)×10-5 
0.6 0.014(0.001) 0.048(0.004) 6.82 (0.05) 27(2) 410(10) - 1.1(0.02)×10-4 
1.5 0.06(0.017) 0.13(0.01) 21(0.4) 37(4) 430(30) 0.83(0.004) 3.2(0.2)×10-4 
3.0 0.12(0.01) 0.32(0.01) 52(1) 56(5) 510(10) 1.79 (0.03) 8.2(0.1)×10-4 
4.5 0.26 0.57 91(2) 77(2) 680(20) - 1.5(0.0)×10-3 
6.0 0.55(0.07) 0.85(0.08) 140(5) 100(1) 780(50) 3.7 (0.1) 2.4(0.01)×10-3 
 
* Values in parentheses are standard deviations (n=3).  n=1 whenever there is no SD. 
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Table 2.5 Solubilities* of Benzamide and N-Methylbenzamide in Dry and Wet (Water-Saturated) Oils and Water Content in 
Water-Saturated Oils in the Absence or Presence of Excess Solute at 25°C  
 
Ester 
Conc. 
(mol/L) 
Benzamide 
in dry oil 
(mol/L) 
Benzamide in 
wet oil  
(mol/L) 
N-Me-
benzamide in 
dry oil 
(mol/L) 
N-Me-
benzamide in 
wet oil 
(mol/L) 
Water 
content w/o 
solute 
(mol/L) 
Water content 
w/Benzamide  
(mol/L) 
Water content 
w/N-Me-
benzamide  
(mol/L) 
0.0 2.9(0.9)×10-4 2.6(1.0)×10-4 2.0(0.1)×10-3 2.2(0.03)×10-3 1.6(0.1)×10-3 1.1(0.1)×10-3 1.6(0.2)×10-3 
0.3 5.6 × 10-4 5.7(0.1)×10-4 4.3 × 10-3 4.5 (0.0)×10-3 3.7(0.2)×10-3 2.8(0.2)×10-3 4.8(0.3)×10-3 
0.6 1.1 × 10-3 1.2(0.04)×10-3 7.4 × 10-3 8.0(0.2) × 10-3 5.9(0.1)×10-3 5.5(0.5)×10-3 6.1(0.3)×10-3 
1.5 4.9(0.6)×10-3 4.5(0.03)×10-3 0.018(0.003) 0.024(0.0004) 0.018(0.001) 0.015(0.001) 0.019(0.0005) 
3.0 0.013(0.002) 0.015(0.0004) 0.05(0.005) 0.072(0.002) 0.045(0.001) 0.043(0.002) 0.054(0.002) 
4.5 0.021 0.031(0.001) 0.11 (0.01) 0.15 (0.01) 0.083(0.000) 0.084(0.002) 0.10(0.002) 
6.0 0.038(0.002) 0.055(0.002) 0.19 (0.002) 0.30 (0.002) 0.14(0.001) 0.14(0.003) 0.196(0.000) 
 
* Values in parentheses are standard deviations (n=3).  n=1 whenever there is no SD. 
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Table 2.6 Regression Coefficients Generated from Eq 2.3  
 
Ester conc. 
(mol/L) 
Δs sd Δa sd SD R2 
0.00 0 0 0 0 N/D N/D 
0.30 0 0 0.82 0.12 0.26 0.93 
0.60 0.04 0.07 1.37 0.24 0.26 0.93 
1.50 0.16 0.07 2.10 0.20 0.15 0.98 
3.00 0.29 0.07 2.48 0.20 0.22 0.95 
4.51 0.45 0.07 2.62 0.19 0.17 0.97 
6.05 0.58 0.06 2.76 0.18 0.10 0.99 
 
sd is the standard deviation for each coefficient; SD and R2 are goodness-of-fit 
statistics.
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Figure 2.1 Plot of predicted squalane/water partition coefficients, log(PCcal) versus 
experimental values, log(PCexp), generated by substituting solute descriptors and alkane 
regression coefficients into Eq 2.1. 
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Figure 2.2 The normalized partition coefficients of □, 3-Chlorophenol; ◊, Benzamide; ∆, 
N-methylbenzamide (A) and; ■, Benzyl alcohol; ♦, Methyl phenylacetate; ▲, Phenetole 
(B); The points are the experimental values and the solid lines are the fitted values 
obtained from Eq 2.3. 
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Figure 2.3 (A) The linear relationship between the solvent coefficient Δs and ester 
concentration.  (B) Experimental values of the solvent coefficient Δa at various ester 
concentrations versus the calculated value according to )][1log( nEKa ×+=Δ where K = 
46.7 ± 5.5 and n = 1.53 ± 0.10.  
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Figure 2.4 Plot of predicted normalized partition coefficients generated using Eq 2.5 
versus experimental values.  (■, N-methylbenzamide; ♦, Benzamide; ▲, 3-Chlorophenol; 
□, Benzyl alcohol; ∆, Methyl phenylacetate; ○, Phenetole)  
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Figure 2.5 (A) Water content in water saturated lipid mixtures with no added solute (◊) or 
in the presence of excess N-methylbenzamide (□) or benzamide (∆).  (B) Water uptake 
profiles in oil mixtures versus relative humidity. (Legend signifies ester molarity.)   
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Figure 2.6 Predicted normalized partition coefficients of water versus the experimental 
values. The values calculated using the literature descriptors for water along with Eq 2.5 
deviate substantially from the line for y = x.  
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Figure 2.7. (A) The normalized solubility (Smixture/Ssqualane) of benzamide in “dry” (▲) 
and water-saturated (■) lipid mixtures and (B) N-methylbenzamide in “dry” (∆) and 
‘water-saturated’ (□) lipid mixtures 
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3. CHAPTER THREE 
Development of Structure-Lipid Bilayer Permeability Relationships for 
Peptide-like Small Organic Molecules 
 
Introduction 
High-throughput screening of drug candidates for pharmacological activity 
combined with accelerated methods of compound synthesis have increased the number of 
candidates being evaluated for their developability properties such as solubility, 
membrane permeability, susceptibility to metabolic enzymes and efflux transporters, etc.  
Without corresponding high-throughput methods to reliably evaluate such properties, 
bottlenecks may occur at this stage in the drug development process.  Computational 
methods that enable the prediction of physicochemical properties solely from molecular 
structure would be invaluable in avoiding delays in the drug development process 
stemming from the need to assess the developability of large numbers of candidates.1-4 
The passive permeability coefficient of a given drug molecule across 
biomembranes is a particularly important physicochemical property-related characteristic 
because of its role in determining the extent of oral bioavailability and drug access to 
certain target organs such as the brain.  Biomembranes consist of complex assemblies of 
proteins embedded within a lipid bilayer matrix, including many transmembrane proteins 
that function as uptake or efflux transporters.  Consequently, the accurate prediction of 
the transport rate of any particular permeant across a given biological membrane will 
remain a formidable challenge for quite some time.   
Nevertheless, significant progress has been made in understanding the permeant 
structural features that influence passive permeability across lipid bilayers5-13 and the 
influence of membrane composition on bilayer selectivity to permeant size and other 
structural attributes.11,14-21  For example, previous studies in our laboratories have 
demonstrated that a fragment-based approach derived from linear free energy 
relationships (LFERs) can be useful for predicting relative permeabilities of similarly 
sized permeants having one or more polar functional groups across a variety of liquid 
crystalline and gel phase bilayers, providing that the functional groups are well isolated 
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from each other.7,8,13  Such studies have established that the barrier domain within liquid 
crystalline bilayers resembles relatively nonpolar hydrocarbon solvents such as 1,9-
decadiene (for DOPC or egg PC)8,13 or hexadecane (for DPPC).19  The goal of the present 
work is to explore the possibility of extending the fragment-based LFER approach to 
include more complex molecules such as small peptides containing glycine, alanine, or 
sarcosine residues in order to predict their transport across liquid crystalline bilayers such 
as DOPC or egg PC.   
Fragment-based LFERs attempt to relate the energetics of solute permeation, 
membrane adsorption, partitioning, etc. to the individual contributions of molecular 
fragments (i.e., atoms or functional groups) by assuming that these contributions are both 
independent and additive regardless of the structure of the overall molecule.  While the 
approach has found wide application for monofunctional compounds and more complex 
solutes in which polar groups are well-isolated, it has been recognized for many years 
that simple structure-additivity rules may no longer apply to polyfunctional molecules 
when two or more polar groups are in close proximity.22-24  Comparisons of small 
molecule fragment-based predictions based on the structure-additivity assumption with 
hydrophobicity or hydropathy scales for peptides obtained from experimental transfer 
free energies of individual amino acids25 or N-acetylamino acid amides or esters26,27 have 
indicated that specific interactions such as intramolecular hydrogen bonding (i.e., “self-
solvation”) or other proximity effects involving flanking peptide bonds markedly reduce 
the hydrophilicity of polar amino acid side-chain residues.24  More recently, 
hydrophobicity scales using data generated for blocked tripeptides28,29 or pentapeptides30 
have been preferred as they are thought to better incorporate the interactions between 
adjacent residues in peptides, thereby enabling continued reliance on the framework 
provided by the structure-additivity assumption.  Thus, the application of fragment-based 
LFERs to the estimation of peptide permeability may not require the absence of 
proximity or self-solvation effects, as long as these effects are approximately the same 
with varying peptide structure.  
The significant role of proximity effects in peptide transfer processes was 
highlighted in the recent study by Mayer et al.9 who confirmed that the contribution of 
the peptide backbone –CONH- residue to the overall permeability is significantly reduced 
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by flanking peptide residues.  Specifically, their research determined the free energy 
contribution for the transfer of an isolated peptide amide residue from water to the 
hydrocarbon chain region of DOPC bilayers, ∆(∆G°)-CONH-, to be 6.6 kcal/mol, whereas 
they reported a ~2 kcal/mol smaller value of ∆(∆G°)-CONH- for the same group in a series 
of peptides (4.6 kcal/mol), based on non-linear regression analysis of permeabilities for a 
set of glycine, alanine, and sarcosine containing peptides of p-toluic acid.  The same 
study reported that, with increasing peptide length (from 1 to 3 residues), ∆(∆G°)X for the 
–Ala- or –Gly- residue contributions varied with peptide length and that the contribution 
of N-methylation (i.e., glycine  sarcosine) to the apparent transfer free energy varied 
significantly (∆(∆G°)X = -0.5 to -2.2 kcal/mol) with the position and number of N-methyl 
substituents in the permeant molecule.  These latter observations suggested that proximity 
effects may be dependent on the specific nature of the flanking residue. 
In this study, we consider the influence of the i-1 and i+1 residues flanking a 
given glycine (ith residue) in a series of mono-, di-, and tripeptides on the –Gly- residue 
contribution to the apparent free energy of peptide transfer from water to the hydrocarbon 
chain region of a DOPC bilayer as reflected in permeability measurements at 25°C or to 
various organic solvents including 1,9-decadiene, 1-octanol, and CCl4 as determined by 
partition coefficients at 25 °C.  A series of glycine containing compounds (RGZ) and 
their reference compounds (RZ) lacking glycine, in which R represents the N-terminus 
and Z the C-terminus, were synthesized.  The R-substituents were acetyl (Ac), p-toluyl 
(Tol), 4-methylphenyl acetyl (MPA), and 4-carboxymethylphenyl acetyl (CMPA) and the 
Z-substituents were -OH, -OMe, -NHMe, and -NMe2.   
Data generated for the above compounds were then combined with previously 
published data for permeability coefficients of model compounds obtained in DOPC (or 
egg PC) bilayers as well as decadiene/water partition coefficients from this and other 
laboratories, providing a 47-compound data set from which we constructed a new 
fragment-based LFER built from formic acid as the reference permeant.  The 
contributions of nonpolar residues to the overall transfer free energy of each compound 
were evaluated from their calculated accessible surface areas and a single solvation 
parameter as described by Eisenberg et al.31  Individual “isolated” free energy 
contributions for various polar fragments, including that for the peptide backbone –
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CONH-, were generated.    Changes in the “isolated” value for the peptide backbone with 
variation in the acyl residue at the N-terminus(i-1) and in the adjacent C-terminal (i+1) 
residue were assessed and correction terms necessary to account for the proximity or self-
solvation effects of the i+1 flanking residue on the peptide backbone group contribution 
were determined. 
 
Experimental Section 
Materials 
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, >99% purity) and 1,2-
dioleoyl-sn-glycero-3-phosphate (DOPA, >99% purity) used to make liposomes for 
transport experiments were purchased from Avanti Polar-Lipids, Inc. (Pelham, AL).  
Three solvents, 1,9-decadiene (98%), 1-octanol (>99%) from Aldrich (Milwaukee, WI), 
and CCl4 (99.6%) from Spectrum (New Brunswick, NJ), were used in the partitioning 
experiments.  The solvents used for the syntheses, ethyl acetate, N,N-dimethylformamide 
(DMF), and dichloromethane (CH2Cl2), were obtained from Fisher (Fair Lawn, NJ).  
Three chemicals for the syntheses, trifluoroacetic acid (TFA, 99%), acetic acid (99.8%), 
and acetic anhydride (>97%), were also purchased from Fisher.  All other chemicals for 
the syntheses, N-tert-butoxycarbonylglycine (t-Boc-G-OH, 98%), 1-
hydroxybenzotriazole (HOBt, 99%), 1,3-dicyclohexylcarbodiimide (DCC, 99%), 
methylamine in THF (2 M), dimethylamine in THF (2 M), N,N-diisopropylethylamine 
(DIEA, 99%), isobutyl chloroformate (IBCF, 98%), glycine methyl ester hydrochloride 
(G-OMe.HCl, 99%), p-tolylacetic acid (pTAA, 99%), and 1,4-phenylenediacetic acid 
(PDAA, 97%), were obtained from Aldrich.  The commercially available model 
permeants, p-tolylacetic acid methyl ester (MPA-OMe, 99%), N,N-dimethylacetamide 
(Ac-NMe2, >99%), methyl acetate (Ac-OMe, 99%) were also purchased from Aldrich.  
Any model permeants commercially unavailable were synthesized as described below.  
Synthesis 
t-Boc-G-NMe2 (tert-Butyl[2-(dimethylamino)-2-oxoethyl] carbamate). t-Boc-
G-NMe2 was prepared by adding DCC (2.17 g, 10.5 mmol) to a 25 mL stirred solution of 
t-Boc-G-OH (1.75 g, 10 mmol) and HOBt (1.42 g, 10.5 mmol) in DMF at 0 °C.  After 30 
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min, 2 M dimethylamine (15 mmol) in THF was added, and the reaction mixture was 
stirred at 0 °C for 1 and 16 h at rt. The crude product after solids removal and solvent 
evaporation was dissolved in saturated aq NaHCO3 solution (10 mL) and purified by 
ethyl acetate extraction (3 × 20 mL), sequential washing with citric acid solution (0.5 M, 
10 mL) and saturated NaCl (10 mL), and filtration through anhydrous MgSO4. After 
solvent removal, the product was dried in vacuo (rt, overnight) to provide a white powder 
(1.5 g, 75% yield). The mass spectrum agreed with the anticipated structure (parent ion 
m/z = 203 (M + H+, CI)). 
G-NMe2 (2-Amino-N,N-dimethylacetamide), TFA Salt.  TFA (5 mL) was 
added to a CH2Cl2 (10 mL) solution of t-Boc-G-NMe2 (1.5 g) and incubated for 2 h (rt). 
After solvent removal, the final product was crystallized (white needles, 1.3 g, 80% yield) 
from ethyl ether and dried in vacuo (rt, overnight). The mass spectrum of the product 
agreed with the anticipated structure (parent ion m/z = 103 (M + H+, CI)). 
G-NHMe (2-Amino-N-methylacetamide) TFA Salt.  The same procedures as 
for G-NMe2 ·TFA were employed but the nucleophile was 2 M methylamine in THF (7.5 
mL, 15 mmol). The yields of t-Boc-G-NHMe and G-NHMe·TFA were 60% and 80%, 
respectively. The mass spectrum of the product agreed with the anticipated structure 
(parent ion m/z = 89 (M + H+, CI)). 
MPA-G-NMe2 (N,N-Dimethylcarbamoylmethyl-2-ptolylacetamide).  IBCF 
(0.19 mL, 1.41 mmol) was added to a stirred solution of pTAA (0.27 g, 1.8 mmol) and 
DIEA (0.31 mL, 1.8 mmol) in 15 mL of DMF/CH2Cl2 (1:2) maintained at 0 °C under N2.  
After 15 min, G-NMe2 ·TFA (0.32 g, 1.5 mmol) and DIEA (0.26 mL, 2.0 mmol) in 1 mL 
of DMF were added with stirring.  After 45 min, the reaction mixture was diluted with 
water (3 mL), and the solvents were removed under N2. The crude product was purified 
by HPLC (3:7 CH3CN/pH 3 aq formic acid) and lyophilized to give a white powder (0.11 
g, 0.47 mmol, 31%).  The mass spectrum (parent ion m/z = 235 (M+H+, CI)) and 1H 
NMR ((200 MHz, CDCl3) δ 2.34 (s, 3H, CH3, p), 7.18 (s, 4H, o,m), 3.58 (s, 2H, -CH2-), 
4.01 (d, 2H, NCH2), 2.96 (s, 6H, NCH3)) agreed with the anticipated structure. Purity was 
> 99% by HPLC. 
Ac-G-NMe2 (2-(Acetylamino)-N,N-dimethylacetamide).  A procedure similar 
to that for MPA-G-NMe2 (above) was employed with acetic acid replacing pTAA. The 
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crude product was purified by HPLC (2:98 CH3CN/pH 3 aq formic acid) and lyophilized 
to give a white powder (42% yield).  The mass spectrum (parent ion m/z = 167 (M + Na+, 
CI) and 1H NMR ((200 MHz, D2O) δ 2.067 (s, 3H, CH3), 4.085 (s, 2H, NHCH2), 3.050 (s, 
3H, NCH3), and 2.950 (s, 3H, NCH3)) agreed with the anticipated structure.  Purity was 
>99% by HPLC. 
Ac-G-OMe (Methyl (Acetylamino)acetate).  Acetic anhydride (0.57 mL, 6 
mmol) was added to 10 mL of a sonicated (45 min) suspension of Na2CO3 (1.2 g, 11 
mmol) and G-OMe· HCl (0.63 g, 5 mmol) in DMF, and the mixture was stirred at rt 
overnight. Following removal of solids, solvent was evaporated under N2 and the crude 
product was purified by HPLC (2:98 CH3CN/pH 3 formic acid solution) and lyophilized 
to give a white powder (0.122 g, 0.93 mmol, 19%). The mass spectrum (parent ion m/z = 
132 (M + H+, CI)) and 1H NMR ((200 MHz, D2O) δ 2.068 (s, 3H, CH3), 4.01 (s, 2H, 
NCH2), 3.77 (s, 3H, OCH3)) agreed with the anticipated structure. Purity was >99% by 
HPLC. 
MPA-NMe2 (N,N-Dimethyl-2-p-tolylacetamide).  IBCF (0.23 mL, 1.8 mmol) 
was added to a stirred solution of pTAA (0.23 g, 1.5 mmol) and DIEA (0.31 mL, 1.8 
mmol) in 15 mL of DMF/CH2Cl2 (1:2) maintained at 0 °C under N2. After 15 min, 2 M 
dimethylamine in THF (0.9 mL, 1.8 mmol) was added with stirring.  After 45 min, the 
solvent was evaporated under a N2 flow and the crude product was purified by HPLC 
(40:60 CH3CN/pH 3 aq formic acid) and lyophilized leaving an oil (0.053 g, 0.3 mmol, 
20%). The mass spectrum (parent ion m/z = 200 (M + Na+, CI) and 1H NMR ((200 MHz, 
D2O) δ 2.33 (s, 3H, CH3, p), 7.21 (d, 4H, o, m), 3.78 (s, 2H, CH2), 3.03 (d, 6H, NCH3)) 
agreed with the anticipated structure. Purity was >95% by HPLC. 
MPA-NHMe (N-Methyl-2-p-tolylacetamide).  IBCF (0.78 mL, 6 mmol) was 
added to a stirred solution of pTAA (0.75 g, 5 mmol) and DIEA (0.92 mL, 5 mmol) in 15 
mL of DMF/THF (1:2) maintained at 0 °C under N2.  After 15 min, 2 M methylamine in 
THF (3.0 mL, 6 mmol) was added with stirring.  After 45 min, under the same conditions 
the reaction mixture was diluted with water (3 mL) and solvents were evaporated under 
N2. The residue was extracted into ethyl acetate (10 mL), and the organic phase was 
washed sequentially with saturated NaHCO3 (20 mL), 0.5 M citric acid solution (10 mL), 
and saturated NaCl (10 mL). After solvent removal, the crude product was purified by 
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HPLC (25:75 CH3CN/pH 3 aq formic acid) and lyophilized to give a white powder (0.2 g, 
1.2 mmol, 24%). The mass spectrum (parent ion m/z = 164 (M + H+, CI)) and 1H NMR 
((200 MHz, CDCl3) δ 2.36 (s, 3H, CH3, p), 7.16 (s, 4H, o, m), 3.55 (s, 2H, CH2), 2.76 (d, 
3H, NCH3)) agreed with the anticipated structure.  Purity was >95% by HPLC. 
MPA-G-NHMe (N-Methylcarbamoylmethyl-2-p-tolylacetamide).  The 
synthetic procedure was the same as that for MPA-G-NMe2. The reactants were pTAA 
(0.18 g, 1.2 mmol), DIEA (0.38 mL, 2.2 mmol), IBCF (0.16 mL, 1.2 mmol), and G-
NHMe·TFA (0.19 g, 1 mmol). The crude product was purified by HPLC (25:75 
CH3CN/pH 3 aq formic acid) and lyophilized to yield a white powder (0.08 g, 0.36 mmol, 
36%). The mass spectrum (parent ion m/z = 243 (M + Na+, CI)) and 1H NMR ((200 MHz, 
CDCl3); δ 2.35 (s, 3H, CH3, p), 7.17 (s, H, o, m), 3.58 (d, 2H, CH2), 3.86 (d, 2H, NCH2), 
2.79 (d, 3H, NCH3)) agreed with the anticipated structure.  Purity was >99% by HPLC. 
MPA-G-OMe (2-p-Tolylacetylamino)acetic Acid Methyl Ester.  IBCF (0.26 
mL, 2.0 mmol) was added to a solution of pTAA (0.30 g, 2.0 mmol) and DIEA (0.35 mL, 
2.0 mmol) in 15 mL of DMF/THF (1:2) maintained at 0 °C under N2.  After 15 min, a 
mixture of G-OMe· HCl (0.30 g, 2.4 mmol) and DIEA (0.42 mL, 2.4 mmol) in DMF (2 
mL) was added, and after 45 min under the same conditions, the reaction mixture was 
diluted with 10 mL of water and extracted into ethyl acetate (30 mL). The organic phase 
was washed sequentially (saturated NaHCO3 (20 mL), 0.5 M citric acid solution (20 mL), 
and saturated NaCl (20 mL)), filtered (anhydrous MgSO4), and evaporated to yield a 
white powder (0.19 g, 0.85 mmol, 43%). The mass spectrum (parent ion m/z = 244 (M + 
Na+, CI)) and 1H NMR ((200 MHz, CDCl3) δ 2.35 (s, 3H, CH3, p), 7.18 (s, 4H, o, m), 
4.01 (d, 2H, NCH2), 3.73 (s, 3H, OCH3)) agreed with the anticipated structure.  Purity 
was >99% by HPLC. 
MPA-G-OH ({[(4-Methylphenyl)acetyl]amino}acetic Acid).  IBCF (0.26 mL, 
2.0 mmol) was added with stirring to pTAA (0.30 g, 2 mmol) and DIEA (0.34 mL, 2.0 
mmol) in DMF (15 mL) maintained at 0 °C under N2. After 15 min, glycine (0.30 g, 4 
mmol) in a sufficient amount of 1.0 M NaOH to obtain a pH 10.1 solution was added, 
and after 45 min under the same conditions, the solvent was evaporated under N2. The 
crude product was purified by HPLC (30:70 CH3CN/pH 3 aq formic acid) and 
lyophilized to produce a white powder (0.074 g, 0.42 mmol, 20% yield). The mass 
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spectrum (parent ion m/z = 230 (M+Na+, CI)) and 1H NMR ((200 MHz, CDCl3) δ 2.36 (s, 
3H, CH3, p), 7.18 (s, 4H, o,m), 4.05 (d, 2H, NCH2), 3.62 (s, 2H, CH2)) agreed with the 
anticipated structure. Purity was >99% by HPLC. 
CMPA-NMe2 ({4-[2-(Dimethylamino)-2-oxoethyl]phenyl}acetic Acid).  IBCF 
(0.34 mL, 2.6 mmol) was added with stirring to PDAA (0.5 g, 2.6 mmol) and DIEA (0.54 
mL, 3.1 mmol) in DMF (20 mL) maintained at -10 °C (dry ice/acetone).  After 10 min, 2 
M dimethylamine in THF (1.0 mL, 2 mmol) was added, and the reaction mixture was 
stirred for 30 min (rt) under N2.  The solvent was evaporated under N2, and the crude 
product was purified by HPLC (20:80 CH3CN/pH 3 aq formic acid) and lyophilized to 
produce a white powder (0.10 g, 0.45 mmol, 23%). The mass spectrum (parent ion m/z = 
222 (M + H+, CI)) and 1H NMR ((200 MHz, CDCl3) δ 3.65 (s, 2H, -CH2-, p), 7.25 (s, 4H, 
o, m), 3.72 (s, 2H, -CH2-), 2.99 (d, 6H, NCH3)) agreed with the anticipated structure.  
Purity was >99% by HPLC. 
CMPA-G-NMe2([4-(2-{[2-(Dimethylamino)-2-oxoethyl]-amino}-2-
oxoethyl)phenyl]acetic Acid).  DCC (0.64 g, 3 mmol) was added with stirring to PDAA 
(0.96 g, 5 mmol) and HOBt (0.5 g, 0.37 mmol) in DMF (30 mL) maintained at 0 °C. 
After 30 min, G-NMe2 ·TFA (0.56 g, 2.6 mmol) and DIEA (0.55 mL, 3 mmol) in CH2Cl2 
(5 mL) were added with stirring, and the reaction mixture was incubated 0 °C (1 h) and at 
rt for 16 h. After filtration to remove solid and solvent evaporation under N2, the crude 
product was dissolved in 1 M NaOH to obtain a pH 8 solution and purified by HPLC 
using water as mobile phase. Lyophilization produced a white powder (0.13 g, 0.47 mmol, 
18%) having a mass spectrum (parent ion m/z = 301 (M + Na+)) and 1H NMR ((200 MHz, 
CDCl3); δ 3.54 (s, 2H, -CH2-, p), 7.29 (s, 4H, o, m), 3.68 (s, 2H, -CH2-), 4.07 (d, 2H, 
NCH2), 2.98 (d, 6H, NCH3) that were consistent with the anticipated structure. Purity was 
>99% by HPLC.  
HPLC Conditions for the Purifications and Analyses 
The HPLC system used in the study consisted of a Waters (Milford, MA) 515 
HPLC pump, a Waters 717plus autosampler, a Waters 2487 dual λ absorbance detector 
and an SRI Instruments (Torrance, CA) Model 302 data system.  The data were collected 
and analyzed by PeakSimple chromatography software (SRI Instruments version 3.29).  
The purifications of the compounds synthesized employed an analytical C18 column 
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(Supelcosil, LC-ABZ+Plus; 25 cm × 4.0 mm i.d., Supelco, St. Louis, MO) and a 1 mL 
injection volume.  The wavelength used in the purifications was 254 nm for products 
with a phenyl group and 220 nm for those lacking a phenyl group.  The mobile phases 
used in the purifications were described in the synthesis section.  Mobile phases used for 
the HPLC analyses contained CH3CN and pH 3 formic acid solutions at ratios of 50:50 
(v/v) for MPA-G-OH, MPA-OMe, and MPA-G-OMe; 40:60 (v/v) for MPA-NMe2, 
MPA-G-NMe2, and MPA-OH; 2:98 (v/v) for Ac-OMe, Ac-G-OMe, Ac-NMe2, and Ac-
G-NMe2; 35:65 (v/v) for MPA-NHMe and MPA-G-NHMe; and 20:80 (v/v) for CMPA-
G-NMe2.  The mobile phase for CMPA-NMe2 was 20:80, v/v, CH3CN:20 mM pH 3 
NH4H2PO4 solution. A wavelength of 220 nm was used for the analyses of all model 
compounds.  The flow rate was 1 mL/min for the purifications and HPLC analyses.  
pKa Measurements 
Ionization constants for CMPA-NMe2 and CMPA-G-NMe2 were determined at 25 
˚C using a microtitration technique.32   A 150 μL aliquot of a 0.001 M solution of CMPA-
NMe2 was titrated with 0.1 M NaOH while a 200 μL aliquot of a 0.002365 M solution of 
CMPA-G-NMe2 was titrated with 0.1 M HCl.  Plots of pH versus titrant volume were fit 
to ionic equilibria models to determine apparent pKa values.   
Bulk Solvent Partition Coefficients 
1,9-Decadiene/water partition coefficients (PC=Corg/Caq) were determined for all 
RGZ/RZ compounds.  CCl4/water and 1-octanol/water partition coefficients were also 
obtained for some compounds.  Before the experiments, the organic solvents were 
washed (3×) with equal portions of deionized water.  Stock solutions of model 
compounds in deionized water or in 0.1 N HCl (for CMPA and MPA-G-OH series of 
compounds) were equilibrated with the organic solvent using the shake flask method33 at 
25 ˚C.  The overall concentration range for all model compounds was from 10-6 to 10-1 M.  
The lowest aqueous concentration for each compound was based on preliminary 
partitioning studies to ensure that the equilibrium concentrations in both aqueous and 
organic phases were higher than the limit of quantitation.  Single determinations of the 
partition coefficient were performed at each of three concentrations which varied by ~4-
100-fold.  Aqueous solute concentrations were directly determined by HPLC, and those 
in the organic phases were either calculated from the changes in concentration in the 
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corresponding aqueous phases before and after equilibrium or determined by back-
extraction of solute from the organic phases followed by HPLC analyses.  
Transport Experiments  
Apparent DOPC bilayer permeability coefficients of CMPA-NMe2 and CMPA-G-
NMe2 were obtained by monitoring solute efflux at 25 ˚C as described in previous 
studies.9, 34  Solutions of DOPC/DOPA (96:4, molar ratio) in CHCl3 were transferred to a 
set of glass tubes, where the CHCl3 was removed under a N2 flow to form a thin lipid 
film.  The lipid film was suspended in a solution of the solute at a given pH followed by 
extrusion (17×) through a 0.2 µm membrane (Nuclepore Track-Etch Membrane, 
Whatman, Florham Park, NJ) to generate large unilamellar vesicles (LUV) containing 
permeant.  The extravesicular solute was removed using a size exclusion column (PD-10 
desalting column; GE Health Care (Amersham Biosciences); Piscataway, NJ) to create a 
concentration gradient.  Solute efflux was determined as a function of time by 
ultrafiltration (Centricon YM-100; Millipore; Bedford, MA).    
Apparent permeability coefficients (Papp) at each pH were calculated from the 
ultrafiltered permeant concentration vs. time profiles by using Eqs 3.1 and 3.2, in which 
C0, Ct, and C∞ are the initial extravesicular solute concentration, concentration at time t, 
and concentration when transport is complete; kobs is the observed first order transport 
rate constant; and Papp is the apparent permeability coefficient.  
 
tk
t
obseCCCC −∞∞ −−= )( 0     (Eq 3.1) 
 
6/dkP obsapp =       (Eq 3.2) 
 
The pH dependence of the permeability coefficient enables one to calculate the intrinsic 
permeability coefficient (PHA) of the un-ionized species by using Eqs 3.3 and 3.4, in 
which fHA is the fraction of un-ionized species and pKa is the negative logarithm of the 
permeant ionization constant. 
HAHAapp PfP =         (Eq 3.3) 
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Calculation of Functional Group Contributions to the Free Energy of Solute 
Transfer 
The value obtained for transfer free energy depends on the concentration scale 
(molarity, molality, or mole fraction) chosen in the calculations.35,36  In the current study, 
the molarity concentration scale was used to calculate transfer free energies for both 
permeation and partitioning data.     
The contribution of a given functional group or substituent, X, to the molar free 
energy of solute transfer from water to the organic solvent environment of interest at 25 
˚C, Δ(ΔG°)X,  was determined by comparing the intrinsic permeability coefficient (P) or 
partition coefficient (PC) of the substituted compound to that of a reference compound 
lacking the substituent.  The general relationships are expressed in Eqs 3.5 and 3.6, where 
“sub” stands for the substituted compound and “ref” for the reference compound.   
 
)/ln()( 0 refsubX PPRTG −=ΔΔ    (Eq 3.5) 
 
)/ln()( 0 refsubX PCPCRTG −=ΔΔ    (Eq 3.6) 
 
Development of a Fragment-Based Linear Free Energy Relationship (LFER) for 
Lipid Bilayer Permeability  
The fragment-based approach commonly employed in studies of transfer 
processes for peptides and proteins assumes that the polar and nonpolar portions of the 
peptide contribute additively to the overall solvation free energy.4,30  The details for the 
construction of the LFER relationship developed herein are explained in two steps:   
Model Compounds and Depiction of Fragments 
In order to construct the LFER, data from this study and previous literature results 
for solute transfer from water to the hydrocarbon chain interior of DOPC (egg PC) 
bilayers (from permeability coefficients) or 1,9-decadiene, a solvent that resembles the 
barrier domain for lipid bilayer transport,8,13 were combined, resulting in a 47-compound 
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data set ranging in structural complexity from small monofunctional molecules to 
tripeptides.  Formic acid was used as the reference compound.  The general structures of 
all model compounds built from formic acid are depicted in Table 3.3, where W, R1, R2, 
and Y are substituent fragments.       
Regression Analyses 
For a typical transfer process involving the transfer of a given model compound 
from water to decadiene or the barrier domain of a lipid bilayer, the overall transfer free 
energy can be expressed as a sum of the value for the reference compound (formic acid) 
plus the change in transfer free energy contributed by replacing portions of formic acid 
with new substituents to construct the model compound of interest: 
 
X
o
HCOOH
oo
Tot GGG )(ΔΔ+Δ=Δ    (Eq 3.7) 
 
in which oTotGΔ and 
o
HCOOHGΔ  are the total transfer free energies of the model compound 
of interest and formic acid, respectively, and X
oG )(ΔΔ reflects the combined change in 
transfer free energy contributed by all fragments removed from and/or added to formic 
acid.  Apparent values of XG )(
0ΔΔ  can be obtained experimentally according to Eq 3.5 
and/or Eq 3.6 by comparing the permeability and/or partition coefficient of the model 
compound to those of formic acid. 
Typically, XG )(
0ΔΔ may consist of both nonpolar and polar contributions.  The 
nonpolar contribution can be formulated as9,26,30,31,37 npnpnp
o AG Δ=ΔΔ σ)( , in which σnp is 
the nonpolar solvation parameter and ∆Anp (Anp- Anp(formic acid)) is the change in 
overall solvent-accessible surface area for the nonpolar portion of any given compound 
(Anp) from that of formic acid (27.8 Å2), which can be obtained from the sum of 
individual solvent-accessible surface areas of the constituent nonpolar residues 
( ∑
=
Δ=Δ
m
i
inpnpnpnp AA
1
,σσ ).  In this study, Anp was obtained from molecular structures 
constructed using the xLeap algorithm in AMBER 8 (University of California, San 
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Francisco, CA).  The nonpolar surface area (Anp) excluding the polar functional groups 
was then calculated using VEGA ZZ software (http://www.ddl.unimi.it) and a water 
molecule (1.4 Å) as a probe.  The fast double cubic lattice model38 incorporated into 
VEGA ZZ was used to estimate solvent-accessible surface area.  While some polar 
functional groups contain both nonpolar and polar regions, the nonpolar surface area 
contributions from polar residues were not considered in summing the nonpolar surface 
area in this study.  Values for ∆Anp were obtained from Anp by subtracting the nonpolar 
surface area of formic acid (27.8 Å2). 
The polar contribution of the corresponding compound, p
oG )(ΔΔ , is a sum of the 
contributions from individual polar functional groups (e.g., -CON<, –O-, -Cl, etc.) minus 
the –COOH contribution in formic acid.  Polar contributions for different types of 
individual hydrogen atoms attached to heteroatoms (i.e., -OH, -COOH, -CONH-, etc.) 
were considered separately.  Consequently, ∆(∆G°)X, with formic acid as a reference 
solute, is expressed in general form as 
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in which the overall nonpolar and polar contributions are represented by the summation 
of the contributions of various fragments.   
 As noted in the Introduction, intramolecular hydrogen bonding or other proximity 
effects caused by flanking peptide residues are expected to alter the contribution of the 
peptide backbone –CON< residue compared to the value of an isolated –CON<.  
Therefore, a set of correction terms reflecting the C-terminal (i+1) neighboring residue 
effect on the group contribution of the ith peptide bond were incorporated into Eq 3.8 for 
∆(∆G°)-CON<.  The resulting relationship is shown in Eq 3.9:   
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in which ∆(∆G°)corr,k represents correction terms for the four different types of i+1 
linkages examined (-OMe, -OH, -NH-, and -NMe-).   
Equation 3.9, which is applicable to solute partitioning from water to decadiene, 
∆(∆G°)X (PC), can be rearranged to the following equation:  
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in which 6.2 × 10-4 is the decadiene/water partition coefficient of formic acid.   
 While solute size effects on bulk solvent/water partition coefficients are relatively 
unimportant when they are based on the molar concentration scale,35,36 permeability 
coefficients in lipid bilayers and other biological membranes can be highly sensitive to 
the size of the permeant.11,15,19,39,40  Since formic acid, the reference compound in the 
above LFER model, is significantly smaller than most of the permeants evaluated, 
apparent transfer free energies derived from relative permeability coefficients across 
DOPC bilayers required a size correction before they could be combined with transfer 
free energies obtained from partition coefficients.  Relationships previously developed in 
these laboratories for the dependence of the permeability coefficient across egg PC 
bilayers on permeant volume15 suggested the following empirical equation for correcting 
permeability coefficients for permeant size  
VnD
PC
P lnlnln 0 −=
δ
 
where P and PC are the permeability coefficient and partition coefficient of a permeant 
having molecular volume V; lnD0/δ is the intercept in the above equation (at V = 1.0 Å3); 
and n is the size selectivity parameter.  With appropriate rearrangement, the correction 
for the size of permeant can be transformed into a free energy contribution 
ref
sub
V
VnRT ln  
and substituted into Eq 3.9 to get Eq 3.11, which is applicable to changes in transfer free 
energy for molecular transport across lipid bilayers (not applicable to partition 
coefficients): 
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where Vsub and Vref are the molecular volumes of the substituted and reference compound 
(formic acid), respectively. Molecular volumes were estimated from the van der Waals 
increments of the individual atoms41 
∑
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where there are M atoms in a chemical structure, and each atom has a van der Waals 
increment of Vi.  The molecular volume of each model compound is listed in Table 3.3.  
The following equation was used to predict permeability coefficients across DOPC 
bilayers at 25 ˚C    
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in which 2.9 × 10-3 cm/s is the permeability coefficient for formic acid across the 
DOPC/eggPC bilayer at 25 ˚C. 
Regression Analyses 
Scientist® (Micromath, St. Louis, MO) was used for all nonlinear least-squares 
regression analyses. 
 
Results  
Partition Coefficients for RGZ/RZ Compounds 
Partition coefficients (PC) determined in this study for a series of RGZ/RZ pairs 
of compounds are listed in Table 3.1 for 1,9-decadiene/H2O, CCl4/H2O, and 1-
octanol/H2O at 25 °C.  The solute concentration in the aqueous phase at equilibrium was 
systematically varied and the logarithms of partition coefficient for each compound were 
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plotted against the logarithms of aqueous concentration at equilibrium in Figure 3.1.  As 
shown in Figure 3.1, log PC is constant with increasing logC(aq) for every compound, 
indicating the insensitivity of the partition coefficients to changes in solute concentration.  
These results provide evidence for the absence of significant self-association effects in all 
combinations of model compounds and solvents at the concentrations employed.   
Passive Transport of CMPA-Peptides across DOPC Lipid Bilayers  
Transport experiments were conducted for CMPA-G-NMe2/CMPA-NMe2 across 
DOPC bilayers (96:4 DOPC:DOPA molar ratio) at 25 °C.  The presence of an ionizable –
COOH in both members of this RGZ/RZ pair of compounds enabled reliable 
determination of permeability coefficients by adjusting the solution pH to a region where 
permeability was membrane-controlled rather than aqueous diffusion-controlled.  The 
pKa values of both CMPA-NMe2 and CMPA-G-NMe2 required in Eq 3.4 were 
determined using the microscale titrimetric method,32 yielding 4.37 ± 0.02 and 4.38 ± 
0.05, respectively.  A typical solute efflux profile (extravesicular concentration vs. time) 
for CMPA-G-NMe2 at pH 8.31 is depicted in Figure 3.2 (top panel).  The line is the fit 
according to Eq 3.1, from which a first order transport rate constant, kobs, was calculated.  
Papp values at different pH were obtained by substituting kobs into Eq 3.2.  The profiles of 
Papp vs. pH, shown in the lower panel of Figure 3.2, were used to calculate the intrinsic 
permeability coefficients of the model compounds according to Eqs 3.3 and 3.4.   
Determination of ∆(∆G°)gly: Dependence on R-, -Z, and Solvent. 
The glycyl residue contribution to the transfer free energy from water into various 
organic solvents, ∆(∆G°)gly, was calculated by comparing the partition coefficient of a 
glycine containing compound (RGZ) to that of its reference compound (RZ) using Eq 3.6.  
Values of ∆(∆G°)gly for various RGZ/RZ pairs in different solvents are listed in Table 3.2. 
Significant variability in the apparent ∆(∆G°)gly depending on the functional group 
(Z) at the C-terminus is evident in each solvent system, with a difference between the 
highest and lowest ∆(∆G°)gly of >2 kcal/mol generated from the decadiene/water partition 
coefficients. The values of ∆(∆G°)gly when  Z = -NHMe (3.1 kcal/mol) or –NMe2 (2.4 ± 
0.1 kcal/mol) are consistently lower than the values of ∆(∆G°)gly when Z = -OH (4.4 ± 0.4) 
or –OMe (4.3 ± 0.1).    The results also indicate that variations in the acyl substituent (R) 
at the N-terminus had no significant influence on ∆(∆G°)gly for a given C-terminus.  This 
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is also illustrated in Figure 3.3 where the observed R- and -Z dependence of the transfer 
free energy for a glycine residue, ∆(∆G°)gly, is shown. 
The compounds with R = MPA- were also studied in CCl4/water, where again 
significant differences in the value of ∆(∆G°)gly are seen in comparing –O- containing 
with –N- containing –Z residues at the C-terminus.  For each RGZ/RZ pair, ∆(∆G°)gly in 
CCl4/water is lower than its counterpart determined from decadiene/water.  Partition 
coefficients were determined in 1-octanol/water for two sets of compounds, MPA-G-
NMe2/MPA-NMe2 and MPA-G-OMe/MPA-OMe.  A third set was available in the 
literature.  Although the values of ∆(∆G°)gly are further reduced in this compared to the 
other solvent systems, ∆(∆G°)gly remains significantly larger when Z = -OMe than when 
Z = -NMe2 or –NHMe.  These trends are more clearly seen in Figure 3.4, where ∆(∆G°)gly 
for the transfer of a glycine residue from water to three organic solvents is shown as a 
function of –Z. 
LFER Analyses 
 Shown in Table  3.3 are the structures for the entire 47 compound data set along 
with partitioning and permeability data and apparent transfer free energies (∆(∆G°)X) for 
each compound relative to the reference compound, formic acid, calculated by comparing 
permeability or partition coefficients of the compound to that of formic acid according to 
Eqs 3.5 and 3.6.   
Figure 3.5 illustrates the nonpolar (blue dots) and polar (green dots) surface areas 
of Ac-G-NMe2 as generated by VEGA ZZ software after energy minimization.   The Anp 
values and molecular volumes calculated for each compound are also listed in Table 3.3.  
To compare surface areas generated in this study to previous results using other methods, 
average values of Anp were determined for the following nonpolar fragments:  the 
methylene group (-CH2-) inserted into an alkyl chain (from a comparison of surface areas 
of propionic, butyric, and hexanoic acids to that of the preceding homologue); the 
methylene group in a glycine residue (from a comparison of surface areas of glycine-
containing solutes to their counterparts lacking the glycine residue of interest); and the 
backbone alkyl group in alanine (–CH(CH3)-) following the same procedure as that 
described for the glycine methylene.  The values (Anp) obtained were 35 ± 4, 39 ± 4, and 
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73 ± 0.3 Å2, respectively, for the –CH2- in an alkyl chain, the backbone –CH2- in a 
glycine residue, and the alkyl group in alanine, respectively.  
Partition coefficient-based ∆(∆G°)X values were substituted into Eq 3.9, 
permeability coefficient-based values of ∆(∆G°)X were substituted into Eq 3.11, and 
nonlinear regression analyses were performed to obtain group contributions for all polar 
groups along with the flanking C-terminal residue corrections to be applied to the 
backbone amide contribution.  Estimates of σnp for the contribution of nonpolar surface 
area to the free energy of transfer and the size selectivity parameter, n, applicable to 
DOPC or egg PC bilayer transport were also generated.  The calculated values are listed 
in Table 3.4. (A sample calculation using the equations and values in Table 3.4 is 
provided in the Discussion.) 
The calculated values of ∆(∆G°)X are plotted against their experimental 
counterparts, ∆(∆G°)X expt’l in Figure 3.6.  The slope of 0.993 and the coefficient of 
determination (0.993) suggests that >99% of the variance can be accounted for by the 
models described in Eqs 3.9 and 3.11.  Shown in Figure 3.7 are the results of a “leave one 
out” analysis of the data set in which each partition coefficient (top panel) or permeability 
coefficient (lower panel) for which experimental data were available was predicted from 
a regression analysis of the remaining data with the compound of interest omitted from 
the data set.  The solid lines in these plots are the lines of identity (slopes = 1.0).  Based 
on the coefficients of determination for the predicted versus observed values (i.e., 0.988 
and 0.980) 98.8% and 98% of the variation in the permeability coefficients and partition 
coefficients, respectively, could be accounted for by the models employed.  Another 
cross-validation was performed in which successive sets of data for 12 compounds 
representing 25% of the total data set were omitted. Compounds were grouped according 
to increasing complexity for this analysis. Coefficients of determination for the predicted 
versus observed values of the permeability coefficients and partition coefficients (data 
not shown) were 0.973 and 0.975, respectively. 
  
Discussion 
On the Validity of the Assumption of Independence and Additivity for the –CON< 
Group in Peptides 
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 In a previous examination of the lipid bilayer permeabilities of a series of glycine, 
alanine, and sarcosine (Sar)-containing peptides of p-toluic acid (TOL-Gn, TOL-An, and 
TOL-Sarm-Gn-Sarl) where  n = 0-3,  m = 0-2, and l = 0-2 across egg PC bilayers at 25 °C,9 
several observations suggested that linear free energy relationships for predicting lipid 
bilayer transport of peptides may have limited utility due to apparent nonadditivities in 
residue group contributions.  The following observations were indicative of nonadditivity 
in residue contributions:  (1) the apparent backbone –CONH- residue contribution in 
peptides obtained from regression analysis of permeability coefficients was 4.6 kcal/mol, 
substantially lower than the value estimated for an isolated –CONH- group of > 6 
kcal/mol; (2) the apparent glycine or alanine group contribution in Tol-G→Tol-
GG→Tol-GGG or in Tol-A→Tol-AA→Tol-AAA decreased with increasing peptide 
length; and (3) the contribution of N-methylation was highly variable, depending on both 
the position of N-methylation and the number of N-methyl groups already on the 
molecule.  Although a linear free energy relationship was identified that could adequately 
fit the peptide permeability data (12 compounds), it could not account for the above 
observations which were attributed to possible effects of intramolecular hydrogen 
bonding resulting in the formation of folded conformations, particularly in the nonpolar 
hydrocarbon region (i.e., barrier domain) of bilayers.     
To confirm the reduced contribution of the backbone –CON< residue to the free 
energy of transfer from water to a hydrocarbon solvent or the barrier domain of liquid 
crystalline lipid bilayers compared to an isolated amide residue and to further explore the 
combined questions of independence and additivity of this contribution, we synthesized 
the series of RGZ/RZ compounds listed in Table 3.1 and determined their partition 
coefficients in several organic solvent/water systems and/or permeability coefficients in 
DOPC bilayers.  Of particular interest was the sensitivity of the apparent contribution of a 
glycine residue to the free energies for these transfer processes with changes in R (the 
adjacent (i-1) residue at the N-terminus) or Z (the adjacent (i+1) residue on the C-
terminus).  The R- groups evaluated were toluyl, acetyl, 4-methylphenyl acetyl, and 4-
carboxymethylphenyl acetyl, and the Z residues examined were -OH, -OMe, -NHMe, or -
NMe2.  
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Roseman42 estimated the free energy of transfer of an  “isolated” peptide bond 
∆(∆G°)-CONH- from water into a nonpolar solvent environment to be 6.12 kcal/mol from 
the CCl4/water partition coefficient of N-methylacetamide corrected by fragmental 
constants for the N-CH3 and α-CH3 groups.  However, CCl4 is inferior to a long chain 
hydrocarbon with some degree of unsaturation such as 1,9-decadiene8,13 in terms of its 
ability to mimic the chemical selectivity of the barrier domain of liquid crystalline egg 
PC or DOPC bilayers.  Thus, estimates of ∆(∆G°)-CONH- obtained from decadiene/water 
partition coefficients or bilayer permeability data are of interest.  Previous results for 
carbamoyl (-CONH2) substituted analogues of toluic or p-methylhippuric acid in these 
more relevant permeability or partitioning experiments gave ∆(∆G°)-CONH- of 6.1 and 6.4 
kcal/mol, respectively.7,13 Another estimate calculated  for an isolated –CONHCH3 
substituted on the p-methyl position of tolylacetic acid9 (∆(∆G°)-CONHCH2- = 5.8 kcal/mol) 
gave a value for ∆(∆G°)-CONH- of 6.6 kcal/mol when adjusted for the normal methylene 
group contribution reported for lipid bilayer transport across egg PC (i.e., -764 cal/mol43).  
Thus, the value for ∆(∆G°)-CONH- appears to be >6 kcal/mol when the –CONH- group is 
well isolated from other polar substituents.  
As revealed in the results in Table 3.2, the value of ∆(∆G°)gly, derived from the 
RGZ/RZ series of compounds varies from 2.3-4.7 kcal/mol in decadiene/water and 1.7-
3.8 kcal/mol in CCl4/water, substantially smaller than the value of ~5.8 kcal/mol obtained 
by combining the contributions of an isolated –CONH- and a methylene group.  In 
examining the octanol/water partitioning data of Fauchère and Pliska26 for N-acetylamino 
acid amides, Roseman previously noticed that proximity of the neighboring amide bond 
reduced the hydrophilicity of the –CONH- residue by 36%.24  In the alkane/water system 
he estimated a reduction in ∆(∆G°)-CONH- of nearly 3 kcal/mol, a value that appears to fall 
within the range illustrated in Table 3.2.  Our results confirm that, regardless of the 
mechanism by which proximity or self-solvation effects occur, they must be taken into 
account in predicting peptide transport. 
Considerable variability in ∆(∆G°)gly is evident within each column in Table 3.2, 
indicating a dependence on the neighboring substituents.  To explore the source of the 
variability, the compounds in Table 3.2 were grouped according to their C-terminal 
residues (-Z).  The results, plotted in Figure 3.4, confirm that the variability correlates 
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with changes in –Z while ∆(∆G°)gly is insensitive to the changes in R- that were examined.  
The most significant differences in ∆(∆G°)gly occur when the values for –Z = -OH or –
OMe (4.4 and 4.3 kcal/mol, respectively) are compared with those when –Z = –NHMe or 
–NMe2 (3.1 and 2.4 kcal/mol, respectively).  While the difference in ∆(∆G°)gly between 
the peptides with –O- vs. –N-containing –Z residues was significant, there was not a 
significant difference when –Z = -OH vs. –OMe.  We were also unable to show a 
significant difference when –Z = -NHMe vs –NMe2, due to the limited number of 
compounds compared. 
The striking differences in ∆(∆G°)gly depending on the neighboring –Z residue at 
the C-terminus may at least partially account for an apparent decrease in ∆(∆G°)gly with 
increasing peptide length, as reported by Mayer et al.9 since the first gly residue 
contribution would have a neighboring –OH at its C-terminus and a larger ∆(∆G°)gly of ~ 
4.4 kcal/mol (as also reported by Mayer et al.) while subsequent gly residues would be 
flanked by –CONH- at i+1 and therefore exhibit reductions in ∆(∆G°)gly to ~ 3 kcal/mol.  
Overall, comparisons within the RGZ/RZ series of compounds show a substantial 
reduction of up to 2-4 kcal/mol in the energetic penalty for insertion of the peptide 
backbone amide bond into bilayers depending on the –Z residue.  Significant 
nonadditivity in ∆(∆G°)gly exists, which appears to be due largely to the impact of 
variations in the –Z substituent.   
Development of a New LFER for Lipid Bilayer Permeability  
 The ultimate aim of developing a new LFER for lipid bilayer transport was to 
enable the prediction of permeability solely from permeant structure and bilayer 
composition.  Fragment-based methods are most attractive in this regard since they 
require no physicochemical property data or any other information about the permeant 
other than its structure. The proximity effects identified above in the determination of 
∆(∆G°)gly from the RGZ/RZ series of compounds indicate that any attempt to develop an 
LFER to account for the lipid bilayer permeability coefficients of peptides must take into 
account the effects of neighboring polar residues.  Also, since partition coefficient data as 
well as permeability data are available, a relationship that could incorporate both data sets 
would be desirable.  Structure-transport relationships based on partitioning data may 
become more valuable as research is extended beyond the liquid crystalline, single 
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component bilayers comprised of egg-PC or DOPC explored in this study to more 
complex and highly ordered membranes.   
Selection of a Relevant Hydropathy Scale for Predicting Permeability Coefficients 
Most commonly, solvation or hydropathy scales based on partitioning of model 
peptides between water and 1-octanol26,29,31,37  are employed to account for membrane 
binding of peptides, while the transport of polar permeants such as peptides across liquid 
crystalline lipid bilayers correlates best with hydrocarbon/water partition coefficients.5,7-
9,11,13  This apparent conflict is understandable if one considers that the region of a bilayer 
membrane probed in a membrane-binding experiment is the interfacial region while the 
barrier domain in lipid bilayers is the hydrocarbon chain region.  The partitioning data in 
Table 3.1 and Table 3.2 and in Figure 3.4 demonstrate that 1-octanol/water partition 
coefficients are much less selective to solute polarity than 1,9-decadiene/water partition 
coefficients, which more closely resembles the selectivity of the barrier domain of egg 
PC or DOPC.  These differences reflect primarily the ability of octanol to form hydrogen 
bonds with the solute while this is not possible in hydrocarbon solvents.  From the 
standpoint of chemical selectivity, therefore, transfer free energies, ∆(∆G°)X, obtained 
from decadiene/water partitioning data are predictive of relative bilayer permeabilities, 
providing that permeant size does not vary.    
Correction for the Effect of Permeant Size on Lipid Bilayer Permeability 
A careful examination of the transfer free energies in Table 3.3 reveals significant 
differences in ∆(∆G°)x values obtained from permeability coefficients compared to those 
obtained from partitioning data.  Generally, ∆(∆G°)x values obtained from permeability 
coefficients are up to several hundred calories more positive (i.e., transport is less 
favorable than predicted from bulk solvent/water partition coefficients alone), indicating 
a systematic bilayer effect on the transport of these model compounds.   
Previous studies in this and other laboratories11,15-17,19,40 have demonstrated that 
chain ordering in lipid bilayers imposes an additional barrier to lipid bilayer transport, 
which may reflect solute exclusion from the ordered chain region as well as effects on the 
diffusion coefficient due to chain ordering.14,44-46 Thus, the classical bulk-solubility 
diffusion model for lipid bilayer permeability which is based solely on assumptions valid 
in bulk solvents must be modified.  The barrier-domain model for bilayer permeability 
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first proposed by Xiang and Anderson corrects the permeability coefficient predicted 
from the bulk solubility- diffusion model, Po, for the effects of chain ordering using a 
permeability decrement correction factor, f, (i.e., oPfP *= ) that depends both on bilayer 
composition (i.e., the chain ordering) and permeant size.17,19 
Xiang and Anderson15 established empirically that the logarithm of permeability 
coefficient for a series of permeants in egg PC bilayers normalized by the 
decadiene/water partition coefficient was linearly dependent on the logarithm of the 
permeant molecular volume, with a slope (-1.4) that was amplified over that for diffusion 
in the bulk hydrocarbon decane. Based on this observation, the following equation was 
employed to account for the dependence of permeability on permeant volume 
VnD
PC
P lnlnln 0 −=
δ
 
where V is the molecular volume of the compound of interest and n represents the size 
selectivity parameter.  The equation can be transformed to free energy format 
VnRT
D
RTPCGPG lnln)()(
0
00 +=Δ−Δ
δ  
where ∆G°(P) and ∆G°(PC) are the total transfer free energies of a given compound 
obtained from permeability and partition coefficients, respectively, RTln(δ/Do) is a 
constant.   
Using formic acid as the reference compound, the above equation can be 
rearranged to 
ref
sub
XX V
VnRTPCGPG ln)()()()( 00 =ΔΔ−ΔΔ , 
where Vsub and Vref are the molecular volumes for the substituted and reference 
compound (formic acid).  
Nonlinear regression analysis according to Eqs 3.9 and 3.11 for all model 
compounds in Table 3.3 generated a size selectivity parameter (n) of 0.84 (Table 3.4) 
with a 95% confidence interval of 0.34-1.35.  This confidence range establishes the 
necessity of making the size correction and overlaps with that previously observed for 
egg PC bilayers using a different permeant set.15  The size selectivity parameter depends 
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on chain ordering.  Thus, the value of n would be expected to increase significantly in 
highly ordered membranes such as those in their gel phase at 25 °C. 
Nonpolar Surface Area, σnp, and the Selectivity of the Bilayer Barrier Domain to 
Nonpolar Residues 
A substantial body of literature has established that the selectivity of organic 
solvents to nonpolar residues (e.g., alkyl groups, etc.) does not differ greatly, with 
reported values of σnp obtained from bulk solvent/water partition coefficients ranging 
from -18.9 cal/mol/Å2 to -25 cal/mol/Å2  30,47-51  Thus, literature values of -22.8 and -20.9 
cal/mol/Å2 (Table 3.4) determined from the octanol/water partitioning of peptides as 
reported by Wimley et al.30,51 are similar to the result of -21.2 cal/mol/Å2 obtained in this 
study for partitioning into decadiene or the barrier domain of liquid crystalline egg PC or 
DOPC bilayers.  However, in the same research, Wimley reported a much lower σnp (-
13.9 cal/mol/Å2) for interfacial binding of amino acids to phospholipid bilayers, 
indicating that binding experiments probe a different region of bilayers, a region that is 
distinctly more water-like than the barrier domain.   
Wimley et al. reported surface areas of 42 and 80 Å2 for the alkyl portions of 
glycine and alanine residues in Ac-GG-X-GG peptides30 and Eisenberg et al.37 also 
provided a similar value (40 Å2) for the –CH2- group in glycine.  The values obtained in 
the present study for the surface areas of the backbone –CH2- in a glycine residue and the 
alkyl group in alanine were 39 ± 4 and 73 ± 0.3 Å2, respectively, both of which are in 
reasonable agreement though slightly smaller than those reported previously. 
Walter and Gutknecht generated a methylene group contribution of -764 ± 54 
cal/mol to the apparent free energy of permeant transfer into the barrier domain of egg 
lecithin bilayers from permeability coefficients of aliphatic monocarboxylic acids.43  If 
σnp (-21.2 cal/mol/Å2) is multiplied by the Anp of 35 Å2 obtained in this study for the 
surface area of the –CH2- group in a linear aliphatic chain a value of -740 cal/mol is 
obtained, in close agreement with the value previously reported.   
Free Energy Contributions of Polar Groups and Correction Factors for Backbone 
Amide Bonds 
The newly generated polar parameters (∆(∆G°)P), such as –COO-, -CON<, -O-, 
and related hydrogens, along with the neighboring i+1 residue correction factors that are 
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applied to each peptide backbone amide are listed in Table 3.4.  As previously 
demonstrated in the RGZ/RZ series of peptides, significant, neighboring residue 
dependent self-solvation of the peptide backbone amide occurs with –O- containing i+1 
residues accounting for a 1.8 kcal/mol reduction in the free energy penalty for 
transferring an amide backbone from water to decadiene or the barrier domain of an egg 
PC or DOPC lipid bilayer while –N- containing i+1 residues account for a 2.6-3.4 
kcal/mol reduction.  
The fragment constants in Table 3.4 can be combined to construct other polar 
functional group contributions, such as the contribution for insertion of a glycyl residue 
adjacent to a neighboring (i+1) –COOH group, by the following equations using 
parameters in Table 3.4 
 
 ∆(∆G°)gly (-COOH) = ∆(∆G°)-CON< + ∆(∆G°)-H (1st) + σnpΔAnp+ ∆(∆G°)corr (-COOH) 
 
 ∆(∆G°)gly (-COOH) = 6568 + 357 + (-21.2)*39+ (-1780) ≈ 4300 cal/mol 
 
The predicted value (4.3 kcal/mol) matches the values reported from both the RGZ/RZ 
and Tol- series of compounds as shown in Table 3.5.   
Transfer free energies of well-isolated polar functional groups (e.g., –COOH, -
COOMe, -CONHMe, etc.) typically generated by comparing transfer free energies of a 
substituted compound (RX) to an unsubstituted reference compound (RH) have been 
reported in previous publications from these laboratories using p-toluic acid, p-
methylhippuric acid, and p-tolylacetic acid as reference compounds.7,9,13  For polar 
substituents attached to the p-CH3- group in these compounds, the group contributions 
reported reflected both the addition of –X and the removal of –H from the terminal –CH3 
group.  In order to compare the fragment-based predictions from the present method with 
those previously reported values, the contribution for removal of a methyl hydrogen must 
be included in the fragment-based LFER estimation. The Anp for one of the hydrogen 
atoms from the p-methyl group in p-toluic acid and p-methylhippuric acid was estimated 
from the nonpolar surface area differences of CH3-C6H4-/-CH2-C6H4- acid pairs (Table 
3.3) to be 43.4 Å2, resulting in a free energy contribution of 0.9 kcal/mol.  Thus, the 
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fragment constant for the contribution of X = –CONHMe attached to a terminal –CH3 on 
p-toluic acid would be obtained as follows  
 
∆(∆G°)-CONHMe = ∆(∆G°)-CON< + ∆(∆G°)-H (1st) + σnpΔAnp 
 
∆(∆G°)-CONHMe = 6568 + 357 + (-21.2)*(81.4-43.4) ≈ 6100 kcal/mol 
  
where ΔAnp is the difference between the nonpolar surface area for the amide methyl 
group (81.4 ± 0.8 Å2 obtained by comparing MPA-NHMe to MPA-OH or MPA-G-
NHMe/MPA-G-OH) and a methyl hydrogen.  The corrected ∆(∆G°)X from the current 
LFER and the previously published values listed in Table 3.5 show reasonable agreement.  
The parameters in Table 3.4 may also be used to predict permeability and 
decadiene/water partition coefficients from Eqs 3.10 and 3.12.   Thus, for Tol-G  
 
PC = 6.2 × 10-4 × exp [-(σnpΔAnp + ∆(∆G°)-CON< + ∆(∆G°)-H (1st) + ∆(∆G°)corr (-COOH))/RT] 
 
and 
 
P = 2.9 × 10-3 × exp [-(nRTln(Vsub/Vref) + σnpΔAnp + ∆(∆G°)-CON< + ∆(∆G°)-H (1st) + 
∆(∆G°)corr (-COOH))/RT] 
 
where ΔAnp = 248.5-27.8 = 220.7 Å2; The predicted PC and P of Tol-G are 2.82 × 10-4 
and 3.72 × 10-4 cm/s which are in good agreement with the experimental values listed in 
Table 3.3 for both PC (3.4 × 10-4) and P (4.9 × 10-4 and 6.4 × 10-4 cm/s), respectively.   
A more comprehensive demonstration for the application of the newly constructed 
LFER approach is shown in Figure 3.8, in which the model compounds with mono or 
multiple amino acid residues (Tol-(G,A,Sar)n series of compounds) were selected from 
Table 3.3.  Although overall 14 parameters were built in the new LFER approach, only a 
few of them are required to predict the permeability or partition coefficients of these 
compounds and the procedures are similar as those have been shown in the above 
sections.  Specifically, the only parameters necessary in the predictions are the nonpolar 
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solvation parameter, σnp(coupled with ΔAnp), backbone contribution, ∆(∆G°)-CON<, 
contribution of 1st hydrogen attached on the peptide backbone, ∆(∆G°)-H (1st), and three 
types of i+1 C-terminal corrections, ∆(∆G°)corr.  Besides, for the predictions of the 
permeability coefficients, the volume term, ln(Vsub/Vref), is also required.  The calculated 
permeability and partition coefficients (logarithm scale) of Tol-(G,A,Sar)n series of 
compounds using Eqs 3.10 and 3.12 are plotted against their experimental counterparts in 
Figure 3.8, in which a good agreement (with a slop of 1) can be observed, manifesting the 
prediction ability of the new LFER approach.   
Possible Reasons for the Observed Nonadditivity of ∆(∆G°)-CONH- 
The significant influence that i+1 neighboring residues exert on the free energy of 
transfer of a backbone amide from water to decadiene or the barrier domain of an egg PC 
or DOPC lipid bilayer may be the result of intramolecular hydrogen bonding or 
nonspecific proximity effects related to differences in solvation or internal electrostatic 
interactions induced by the flanking residue.  As shown in numerous studies,52-56 even 
small peptides exhibit conformation-dependent intramolecular hydrogen bonding.  
Recent FTIR and NMR studies indicate that single residue peptides varying in their C-
terminus, including Ac-G-NMe2, adopt not only a stretched conformation in CCl4, but 
also exhibit 5-membered ring formation (i.e., a C5 conformation) suggesting an 
intramolecular hydrogen bond (gly –NH - - O=C)55,57,58 in which the terminal -C=O and 
amide –NH are virtually parallel to each other such that their interaction may limit free 
rotation.  Several computational studies indicate that C5 and C7 (HB between terminal –
NH or –OH and inner C=O) conformations may coexist in very simple peptides.59,60  
Madison and Delaney56 concluded that differences in the free energies of transfer of syn- 
and anti-Ac-3-Me-ProNHMe from carbon tetrachloride to water could be attributed to 
differences in the fractions of intramolecular hydrogen bonded C7  conformer in the 
organic phase. 
Intramolecular hydrogen bonding in small peptides is highly sensitive to the 
solvent, being increasingly favored in less polar environments.54,61,62  Recent molecular 
dynamics simulations of small alanine-containing peptides (p-toluyl-Alan (n=0-3)) in 
CCl4 and water revealed that their preferred conformation depended strongly on the 
solvent, with folded conformations (5- and 7-membered rings) dominating in CCl4.62  The 
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formation of folded structures was found to partially compensate for the loss of water of 
solvation during peptide transfer from water to CCl4 thus facilitating peptide transfer in 
comparison to that expected in the absence of intramolecular hydrogen bond formation.  
Solvent-induced changes in intramolecular hydrogen bonding and the accompanying 
changes in peptide conformation have been referred to as the ‘‘chameleon effect’’.63,64   
Ester substitution has been frequently utilized in studies of intramolecular 
hydrogen bonding in peptides and proteins due to the structural similarities of ester and 
amide bonds in terms of their planarity, preference for trans conformations, and similar 
bond angles and lengths.65  The ester carbonyl is a weaker hydrogen acceptor than the 
amide carbonyl, however, and replacement of amide linkages with esters typically results 
in decreases in protein stability65-71  These observations combined with the differential 
effects of  –O- versus –N- containing flanking residues on the backbone amide free 
energies of transfer found in this study make plausible the argument that variations in the 
i+1 residue correction term may reflect alterations in the impact of adjacent residues on 
intramolecular hydrogen bonding.  However, the present studies do not rule out other 
factors that may also contribute to the observed proximity effects.  
Comparing the values of ∆(∆G°)gly generated by partitioning RGZ/RZ compounds 
in different solvent systems could potentially shed light on the significance of hydrogen 
bonding to the nonadditive contributions of peptide backbone and amino residues.  The 
results obtained from the partitioning experiments conducted in 1-octanol/water and 
CCl4/water along with decadiene/water are depicted in Table 3.2 and Figure 3.4.  These 
results show a trend, similar to the one obtained from decadiene/water, that ∆(∆G°)gly 
obtained from RGZ/RZ compounds with an oxygen-based C-terminus is higher than 
∆(∆G°)gly obtained from the compounds with a nitrogen-based C-terminus.  In 
CCl4/water, the difference between the average values of these two categories is 1.8 
kcal/mol, which is comparable to that obtained from decadiene/water while the absolute 
values of ∆(∆G°)gly are lower than those in decadiene/water.  In 1-octanol/water,  the 
absolute values of ∆(∆G°)gly, are considerably lower than those in CCl4/water and 1,9-
decadiene/water and the ∆(∆G°)gly difference between RGOMe/ROMe and 
RGNMe2/RNMe2 diminishes from 1.7-1.8 kcal/mol in CCl4/water or 1,9-decadiene/water 
to 0.5 kcal/mol in 1-octanol/water.  The tendency of solutes to form intramolecular 
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hydrogen bonds should be reduced in 1-octanol, which is well-known as a hydrogen 
bonding solvent. Overall the solvent dependence of ∆(∆G°)gly provides further evidence 
for the hypothesis that intramolecular hydrogen bonding, which is reduced in a hydrogen 
bonding solvent, could be an important contributor to the i+1 residue dependent 
nonadditivity in ∆(∆G°)gly. 
 
Conclusions 
Careful examinations of a series of RGZ/RZ compound pairs showed substantial 
effects of the i+1 residue on the free energy contribution of the peptide backbone amide 
in studies of partitioning between water and various organic solvents and studies of 
permeability through DOPC bilayers.  Compounds having–CONHMe and –CONMe2 C-
termini substantially reduced the ∆(∆G°)-CONH- compared to compounds with -COOH or 
–COOMe termini.  Permeability (DOPC or egg-PC) and partition coefficients 
(decadiene/water) for a series of 47 model compounds systems were compiled to 
construct a comprehensive, fragment-based linear free energy relationship to predict 
passive permeability of small peptides and simple organic molecules across DOPC (egg 
PC) bilayers.  The new LFER analysis is applicable only to lipid bilayer permeability in 
relatively disordered bilayers (i.e., liquid crystalline bilayers at room temperature) since 
the size dependence of permeability coefficients are highly sensitive to chain ordering.  
Also, use of the model for more complex peptides beyond those containing glycine, 
alanine, or sarcosine amino acid residues has not been validated.  Peptides containing 
amino acids having hydrogen donor or acceptor functional groups in their side chains 
present another level of complexity that would have to be systematically addressed before 
the LFER approach could be extended to such molecules. 
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Table 3.1.  Organic Solvent/Water Partition Coefficients at 25 °C Generated in This 
Study for Various RGZ/RZ Compound Pairs to Determine ∆(∆G°)gly a   
 
Partition Coefficient ± SD 
Compound 
1,9-decadiene/H2O CCl4/H2O 1-octanol/H2O
Ac-OMe 1.18 ± 0.05   
Ac-G-OMe (7.35 ± 0.09) x 10-4   
Ac-NMe2 (6.2 ± 0.4) x 10-3   
Ac-G-NMe2 (1.30 ± 0.06) x 10-4   
CMPA-G-NMe2 (3.7 ± 0.4) x 10-6   
MPA-OH 0.41 ± 0.03 (6.3 ± 0.6) x 10-1  
MPA-G-OH (3.9 ± 0.5) x 10-4 (1.0 ± 0.1) x 10-3  
MPA-OMe 397 ± 11 599 ± 46 167 ± 18 
MPA-G-OMe (2.94 ± 0.08) x 10-1 2.12 ± 0.04 16.0 ± 0.2 
MPA-NMe2 2.27 ± 0.04 11.4 ± 0.6 31.6 ± 0.5 
MPA-G-NMe2 (4.0 ± 0.1) x 10-2 (5.1 ± 0.9) x 10-1 6.9 ± 0.3 
MPA-NHMe (2.17 ± 0.03) x 10-1 1.10 ± 0.03  
MPA-G-NHMe (1.1 ± 0.1) x 10-3 (6.7 ± 0.1) x 10-2  
a Ac = acetyl; MPA = methyl phenylacetyl; and CMPA = carboxymethyl phenylacetyl 
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Table 3.2 ∆(∆G°)gly Determined from Various RGZ/RZ Pairs According to Eqs 3.5 and 
3.6 Using Partition Coefficients (PC) in Various Solvents and Permeability Coefficients 
(P) across Egg PC or DOPC Bilayers.d  
  ∆(∆G°)gly ± SD.(cal/mol) 
R- -Z 
1,9-decadiene/H2O
(PC) 
CCl4/H2O 
(PC) 
1-octanol/H2O 
(PC) 
Lipid bilayer 
(P) 
MPA- -OH 4102 ± 85 3806 ± 96   
Tol- -OH 4654 ± 209b   4410 ± 80b 
MPA- -OMe 4257 ± 23 3305 ± 85 1389 ± 66  
Ac- -OMe 4358 ± 25    
MPA- -NMe2 2385 ± 18 1845 ± 104 903 ± 27  
Ac- -NMe2 2288 ± 53    
CMPA- -NMe2 2493 ± 84   2773 ± 64 
Tol- -Sar-OH 2587b   2449b 
Tol- -Sar-G-OH 2487b    
MPA- -NHMe 3105 ± 53 1662 ± 19   
Ac- -NHMe   700c  
Tol- -G-Sar-OH    3530b 
Tol-Sar -G-OH    3216b 
Tol- -G-OH    4400b 
Tol- -G-G-OH    3263b 
a Unless otherwise noted, data are from this study.  bData from Mayer et al..9  c Data from 
Hansch et al..22,72  d Ac = acetyl; MPA = methylphenylacetyl; CMPA = carboxymethyl 
phenylacetyl; Tol = p-toluyl; Sar = sarcosyl (-N(Me)CH2CO-).  
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Table 3.3 Permeability (P) and Partition (PC) Coefficientsa of the Compound Set Employed for LFER Development h   
General Structure 
Y
R 2R 1
W
O  
Permeability Data Partitioning Data Solute Descriptors 
W- -R1- -R2- -Y 
P ± S.D. 
(cm/s) 
∆(∆G°)X 
(cal/mol) 
PC ± S.D. 
∆(∆G°)X  
(cal/mol) 
Anp 
(Å2 ) 
V 
(Ǻ3) 
Formic Acid  
H-   -OH  (2.9 ± 0.1) x 10-3 b - (6.2 ± 0.4) x 10-4 b - 27.8 38.5 
Alkanoic/benzoic acids and derivatives 
H- -CH2-  -OH (5.0 ± 0.2) x 10-3 b -323 (1.3 ± 0.2) x 10-3 b -438 87.1 55.5 
H- -CH2-  -NMe2   (6.2 ± 0.5) x 10-3 -1367 211 94.7 
H- -CH2-  -OMe   1.18 ± 0.05 -4470 173.7 71 
H- -CH2- G -NMe2   (1.30 ± 0.06) x 10-4 927 249.4 143.5 
H- -CH2- G -OMe   (7.35 ± 0.09) x 10-4 -101 214.1 119.8 
H- -(CH2)2-  -OH (2.6 ± 0.1) x 10-2 c -1299   126.6 72.5 
H- -(CH2)3-  -OH (9.5 ± 0.5) x 10-2 c -2066   159.4 89.5 
H- -(CH2)5-  -OH 1.1 ± 0.2 c -3516   222.9 123.5 
H- -C6H4-  -OH (5.5 ± 0.2) x 10-1 c -3106   184.4 107.9 
p-Toluic acid seriesd 
H- -CH2-C6H4-  -OH 1.1 ± 0.2 -3516 0.90 ± 0.02 -4311 213.7 125.3 
Cl- -CH2-C6H4-  -OH (6.4 ± 0.1) x 10-1 -3196 (5.3 ± 2.4) x 10-1 -3997 172.1 139.4 
CH3-O- -CH2-C6H4-  -OH (3.5 ± 0.1) x 10-1 -2838 (1.1 ± 0.1) x 10-1 -3066 249.4 148.5 
CN- -CH2-C6H4-  -OH (2.7 ± 0.5) x 10-2 -1321 (1.7 ± 0.1) x 10-2 -1961 172.5 144 
HO- -CH2-C6H4-  -OH (1.6 ± 0.4) x 10-3 352 (7.3 ± 0.7) x 10-4 -97 176.9 133 
HOOC- -CH2-C6H4-  -OH (1.8 ± 0.3) x 10-4 1646 (1.2 ± 0.2) x 10-4 972 167.1 152.4 
H2NOC- -CH2-C6H4-  -OH (4.1 ± 0.4) x 10-5 2522 (4.0 ± 0.7) x 10-5 1623 162.2 156.6 
p-Methylhippuric acid  seriese 
H- -CH2-C6H4- G -OH (4.9 ± 0.4) x 10-4 1053 3.4 x 10-4 356 248.5 174.1 
Cl- -CH2-C6H4- G -OH (3.5 ± 0.5) x 10-4 1252 2.0 x 10-4 670 208.2 188.2 
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CH3-O- -CH2-C6H4- G -OH (1.0 ± 0.1) x 10-4 1994 4.2 x 10-5 1594 284.8 197.3 
CN- -CH2-C6H4- G -OH (9.2 ± 1.0) x 10-6 3407 6.4 x 10-6 2708 209.6 192.8 
HO- -CH2-C6H4- G -OH (5.5 ± 0.4) x 10-7 5075 2.8 x 10-7 4561 211.7 181.8 
HOOC- -CH2-C6H4- G -OH (1.7 ± 0.4) x 10-7 5770 4.5 x 10-8 5643 200.7 201.2 
H2NOC- -CH2-C6H4- G -OH (9.9 ± 0.6) x 10-9 7453 1.5 x 10-8 6294 196.2 205.4 
Tol-  seriesf 
H- -CH2-C6H4- G -OH (6.4 ± 0.5) x 10-4 895 (3.4 ± 1.2) x 10-4 356 248.5 174.1 
H- -CH2-C6H4- G-G -OH (4.2 ± 0.5) x 10-7 5234   287.8 211.5 
H- -CH2-C6H4- G-G-G -OH (1.7 ± 0.3) x 10-9 8497   325.4 254.6 
H- -CH2-C6H4- A -OH (2.3 ± 0.2) x 10-3 137 (2.2 ± 0.1) x 10-3 -750 286.7 191.1 
H- -CH2-C6H4- AA -OH (1.1 ± 0.1) x 10-5 3301 (1.1 ± 0.3) x 10-5 2387 360.2 256.9 
H- -CH2-C6H4- AAA -OH (9.5 ± 0.8) x 10-8 6114   433.2 322.7 
H- -CH2-C6H4- Sar -OH (1.5 ± 0.1) x 10-3 390 (1.0 ± 0.2) x 10-3 -283 271.7 191.6 
H- -CH2-C6H4- Sar-G -OH (3.2 ± 0.3) x 10-6 4032   308.7 240.4 
H- -CH2-C6H4- G-Sar -OH (1.9 ± 0.1) x 10-5 2977 (1.6 ± 0.3) x 10-5 2165 321.2 240.4 
H- -CH2-C6H4- Sar-G-G -OH (1.4 ± 0.1) x 10-8 7248   345 289.2 
H- -CH2-C6H4- G-Sar-G -OH (4.8 ± 0.4) x 10-8 6519   362.5 289.2 
H- -CH2-C6H4- G-G-Sar -OH (4.9 ± 0.1) x 10-8 6507   363.1 289.2 
H- -CH2-C6H4- Sar-Sar-G -OH (7.6 ± 0.6) x 10-8 6247   375.3 306.7 
MPA- seriesg  
H- -CH2-C6H4-CH2-  -OH 0.71 ± 0.07 -3257 0.40 ± 0.03 -3831 242.3 142.3 
H- -CH2-C6H4-CH2-  -NHMe   (2.17 ± 0.03) x 10-2 -3469 323.1 164 
H- -CH2-C6H4-CH2-  -NMe2   2.27 ± 0.04 -4859 356.2 181.5 
H- -CH2-C6H4-CH2-  -OMe   397 ± 11 -7917 328.1 162.3 
H- -CH2-C6H4-CH2- G -OH   (3.9 ± 0.5) x 10-4 282 278.7 191.1 
H- -CH2-C6H4-CH2- G -NHMe   (1.1 ± 0.1) x 10-3 -355 360.7 212.8 
H- -CH2-C6H4-CH2- G -NMe2   (4.0 ± 0.1) x 10-2 -2467 404.3 230.3 
H- -CH2-C6H4-CH2- G -OMe   0.294 ± 0.008 -3648 364.6 206.6 
CMPA- seriesg  
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HOOC- -CH2-C6H4-CH2-  -NHMe (3.4 ± 0.3) x 10-5 2633 2.6 x 10-5 1878 280.4 191.1 
HOOC- -CH2-C6H4-CH2-  -NMe2 (3.3 ± 0.2) x 10-4 1287 (2.5 ± 0.2) x 10-4 538 318.1 208.6 
HOOC- -CH2-C6H4-CH2- G -NMe2 (1.6 ± 0.3) x 10-6 4461 (3.7 ± 0.4) x 10-6 3038 363.7 257.4 
a Data from this study unless otherwise noted.  b from Xiang et al.15  c from Walter et al.43 dfrom Xiang et al.13  e from ref 7. f 
from ref 8. g from ref 9.  h Changes in apparent transfer free energy relative to formic acid (∆(∆G°)X) were derived from 
permeability (P) or partitioning (PC) data  according to Eqs 3.5 and 3.6.  Nonpolar surface areas and molecular volumes are 
also listed. 
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Table 3.4.  Polar Functional Group Contributions to the Free Energy of Transfer from 
Water to 1,9-Decadiene or the Barrier Domain of DOPC or Egg PC Lipid Bilayers (Left 
Column) along with Neighboring Residue Corrections for the Peptide Backbone and 
Other Parameters Derived from Regression Analysis of the Dataset in Table 3.3 
According to Eqs 3.9 and 3.11 d   
Polar Fragment ∆(∆G°)p (cal/mol) 
Adjacent C-terminal (i+1) 
residue 
∆(∆G°)corr (cal/mol) 
-COO- 2701 ± 239 -COOH or –COOMe -1780 ± 154 
-H (in -COOH) 1472 ± 189 -CONH- (–CONHMe) -2656 ± 178 
-CON< 6568 ± 202 -CONMe- (–CONMe2) -3365 ± 232 
-H (1st –CONH-) 357 ± 131 σnp (cal/mol/ Å2) (transfer from H2O ) 
-H (2nd –CONH2) -2201 ± 238 
bilayer interior or 1,9 
decadiene (this work) 
-21.2 ± 0.5 
-O- (ether or -OH) 1546 ± 185 bilayer interface -13.1 ± 0.6 a 
-H (-OH) 1533 ± 235 1-octanol -22.8 ± 0.8 b 
-Cl -809 ± 174  -20.9 ± 2.5 c 
-CN 1228 ± 175 Size selectivity parameter 
  n 0.84 ± 0.10 
  a AcWL-X-LL transfer51. b AcWLm (m = 1-6)30. c Ac-X amide transfer30. 
d The partition coefficient of a given compound can be calculated by:  
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The permeability coefficient (cm/s, DOPC/egg PC bilayers) can be calculated by: 
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Table 3.5. A Comparison of the Transfer Free Energies of Amino Acid Residues (gly, ala, 
and sar) with Various Neighboring (i+1) Substituents Obtained from Different Series of 
Compounds. 
Peptide residues 
(i+1 substituent) 
Current LFERa RGZ/RZ series Tol- series 
 ∆(∆G°)x (cal/mol) ∆(∆G°)x (cal/mol) ∆(∆G°)x (cal/mol) 
-Gly- (-COOH) 4.3 4.1 4.6 
-Gly- (-CONH-) 3.4 3.1  
-Gly- (-CONMe-) 2.7 2.4~2.8  
-Ala- (-COOH) 3.6  3.6 
Isolated groups (RX/RH) 
-X 
∆(∆G°)x (kcal/mol)  ∆(∆G°)x (kcal/mol) 
p-Toluic acid b or pTAAd 
∆(∆G°)x (kcal/mol) 
p-Methylhippuric acid c 
-Cl 0.1 0.3 0.2 
-OCH3 (ether) 0.8 0.7 0.9 
-CN 2.1 2.2 2.4 
-OH 4.0 3.9 4.0 
-COOH 5.1 5.2 4.7 
-CONH2 5.6 6.1 6.4 
–CONHMe 6.1 5.8 d  
–CONMe2 4.9 4.5 d  
 
aUsing Table 3.4 with formic acid as the reference compound.  bfrom Xiang and 
Anderson13  cfrom Mayer et al. 7 dfrom Mayer et al.9 
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Figure 3.1. Plot of log PC vs. log C(aq)  C(aq) is the equilibrium concentration in the 
aqueous layer. In each panel, symbols with the same shape (either open or solid) 
represent compounds with the same R- and –Z. The dashed lines stand for compounds 
with glycine residues and solid lines are for compounds lacking glycine residue in 
decadiene Upper panel (decadiene/water): X,  (Ac, OMe); ○, (Ac, NMe2); ▲, (MPA, OH); 
■, (MPA, OMe); ◊, (MPA, NMe2); ●, (MPA, NHMe); ∆, (CMPA, NMe2).  Lower panel 
(CCl4/watern (open symbols) and 1-octanol/water (solid symbol): □, (MPA, OH); ∆, 
(MPA, OMe); ○, (MPA, NMe2); ◊, (MPA, NHMe); ■, (MPA, OMe); ▲, (MPA, NMe2).   
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Figure 3.2. Upper panel: Plot of CMPA-G-NMe2 extravesicular concentration vs. time at 
pH 8.31. The solid line is the fit according to Eq 3.1.  Lower panel: log Papp vs. pH 
profiles for CMPA-NMe2 and CMPA-G-NMe2. The lines are fits according to Eqs 3.3 
and 3.4.  
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Figure 3.3 Observed R- and -Z dependence of the transfer free energy for a glycine 
residue, ∆(∆G°)gly.  ∆(∆G°)gly is independent of variations in R- (N-terminus).  Partition 
coefficients (1,9-decadiene/water) used in the calculations of ∆(∆G°)gly are from Table 
3.2, where Z = -NMe2, -NHMe, -OMe or –OH.  CMPA* and Tol* are calculated from 
permeability coefficients.  
 
 
. 
 
83
0
1000
2000
3000
4000
5000
NHMe NMe2 OMe OH
C-terminus (Z) of RGZ
∆(
∆G
°)
gl
y 
(c
al
/m
ol
)
DEDI/Water CCl4/Water 1-octanol/Water
 
Figure 3.4  Free energy of transferring a glycine residue (RGZ/RZ series of compounds, 
where R = MPA and -Z = -NHMe, -NMe2, -OMe, and –OH), ∆(∆G°)gly, from water to 
three organic solvents.  The apparent ∆(∆G°)gly depends on the variations in -Z and 
decreases with organic solvent polarizability and hydrogen-bonding capacity.  
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Figure 3.5 Illustration of the nonpolar (blue dots) and polar (green dots) surface areas of 
Ac-G-NMe2 as generated by VEGA ZZ software.  The structure was energy minimized in 
vacuum using a water molecule (r = 1.4Å) as a probe of surface area. 
 
. 
 
.  
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Figure 3.6 Plot of the calculated vs. experimental ∆(∆G°)x.  ∆(∆G°)x (calc’d) was 
obtained by fitting the data listed in Table 3.3 to Eqs 3.9 and 3.11.  Key: ■, compounds 
without amino acid residues; ○, compounds with one amino acid residue; and ∆, 
compounds with multiple amino acid residues. 
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Figure 3.7 Plots of predicted log(PC) (upper panel) or log(Pm) (lower panel) from the  
“leave one out” cross-validation analyses vs. the corresponding experimental values.  The 
solid lines are the lines of identity (slope = 1.0).   
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Figure 3.8 Plot of the calculated vs. experimental logP/logPC of Tol-(G,A, Sar)n series of 
compounds (in Table 3.3).  logP_cal/logPC_cal of Tol-(G,A, Sar)n were obtained by 
substituting σnp(ΔAnp), ∆(∆G°)-CON<, ∆(∆G°)-H (1st), ∆(∆G°)corr, and ln(Vsub/Vref) into Eqs 
3.10 and 3.12.   
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4. CHAPTER FOUR 
FTIR Studies for Glycine Containing Peptides in Carbon Tetrachloride:  
Effect of C-terminal Polar Substituents on Peptide Conformation 
Introduction 
The applications and importance of linear free energy relationships in the 
prediction of lipid bilayer permeability of small organic molecules and peptides have 
been extensively discussed in the previous chapter.  Historically, a simple fragment-based 
LFER was developed to predict the bilayer permeability of small molecules with polar 
functional groups isolated from each other.1-3  Nonetheless, such an approach 
encountered obstacles when it was applied to a series of organic compounds including 
small peptides, in which the polar functional groups are in close proximity and their 
fragmental contributions (transfer free energy) to the bilayer permeability of a given 
organic compound are no longer additive.4-7  In order to account for the observed 
nonadditivity in transfer free energy of small peptides across bilayers, the previous 
chapter focused on the development of a new fragment-based LFER, in which the most 
significant feature is the incorporation of a series of C-terminus/i+1 polar residue 
correctional terms (∆(∆G0)corr) for the ith amino acid residue/backbone amide in the same 
peptide.  Although the new LFER has successfully related the permeability across DOPC 
bilayers or the 1,9-decadiene(DEDI)/water partition coefficients to structure in a series of 
peptides and peptide like compounds, a molecular level understanding of the reasons for 
the observed nonadditivity in the peptide backbone amide contribution or the necessity of 
C-terminus/i+1 polar residue correctional terms in the LFER model is still absent.   
It is well-known that peptides can form inter (self-association or association with 
solvent molecules) and intramolecular hydrogen bonds in various solvents.  One of many 
applications using peptide HB properties is to relate the total number of intermolecular 
HBs formed between a given peptide molecule and water molecules to its membrane 
permeability, an approach represented by Burton and Conradi’s studies.8-12  However, 
such an approach is over-simplified, since it has to assume that each HB formed between 
water and peptide is equivalent.  A number of studies13-17,18 showed that peptides undergo 
significant conformational changes involving the formation of different intramolecular 
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HBs when they are transferred from water to organic solvents.  More in-depth knowledge 
about the impact of intramolecular HBs on peptide transport across membranes has been 
obtained by investigating the differences in permeation between cyclic and acyclic 
peptides,19-25 or among a series of cyclic peptides,26 which are structurally similar.  These 
studies revealed that a higher probability for intramolecular HBs in a given peptide 
molecule relative to its structural analogues (acyclic or cyclic),  leads to a lower energy 
cost imposed by the membrane, if other factors, such as the length and amino acid 
sequence of these structurally related peptides, are controlled.  In the previous chapter, a 
significant decrease in Δ(ΔG°)gly in RGZ/RZ compound pairs was found as the polarity 
and hydrogen bonding capacity of the organic solvent increases (1,9-decadiene  1-
octanol), which also suggests that the intramolecular HB could be a major contributor to 
nonadditivity in Δ(ΔG°)gly.  Overall, both literature and our own results revealed the 
significance of intramolecular HBs and conformations in the process of transferring a 
peptide across bilayers.  Accordingly, two questions emerged that were addressed in the 
current study: (1)  does solvent induced intramolecular hydrogen bonding between a 
given backbone CONH residue in a peptide and the polar backbone substituents of the 
i+1 residue (C-terminus side) of the same peptide occur in organic solvents, which could 
result in partial compensation for the free energy penalty associated with transfer of that 
peptide backbone CONH from water to an organic solvent or the barrier domain of a lipid 
bilayer?; and (2) does the extent of intramolecular hydrogen bond formation between a 
given backbone CONH residue in a peptide and the polar substituents on the i+1 residue 
of the same peptide depend significantly on the nature of that polar substituent (i.e., -
COOH or –COOMe versus -CONHMe or -CONMe2), consistent with the partitioning 
and permeability proximity effects?    
FTIR spectroscopy is widely applied to study the intramolecular HBs in peptides.  
For dilute solutions of a given peptide, FITR can be used quantitatively for 
conformational analyses by monitoring the equilibrium between H-bonded and HB free 
species in the solute. This is possible because the formation of an intramolecular HB 
changes the bond constant of an amide N-H, resulting in the appearance of a new band in 
the FTIR spectrum.  In this study, the distribution of intramolecular HBs in a series of 
MPA-G-X compounds (MPA = 4-methylphenyl acetyl; X = -OMe, -NMe2, and –NHMe) 
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were determined in CCl4, a nonpolar organic solvent.  Although DEDI (rather than CCl4) 
resembles the chemical selectivity of the barrier domain within DOPC/eggPC bilayers,2 
CCl4 was chosen over DEDI for FTIR experiments, because (1) it is one of several 
organic solvents suitable for quantitative FTIR analysis27 as it provides a clean 
spectroscopic window28 ranging from 3000 cm-1 to 4000 cm-1; and (2) only fully 
deuterated DEDI can be used in FTIR experiments making it cost prohibitive.  Other 
commonly used solvents for FTIR experiments, such as CD2Cl2 and CDCl3, were not 
considered due to their high polarity relative to CCl4 and DEDI.  The response factors of 
the HB free amide –NH were acquired from MPA-NHMe and N-(n-) propyl acetamide 
(Ac-NHPro), both of which contain an amide -NH but lack the ability to form 
intramolecular HBs.  Subsequently, the newly generated RFs were used to calculate the 
concentrations (probability) of free N-H, as well as the H-bonded counterparts, in the 
MPA-G-X series of compounds.  The probabilities of intramolecular HBs in MPA-G-X 
peptides were then compared to Δ(ΔG°)gly obtained in CCl4/water, DEDI/water, and 
DOPC bilayer systems and Δ(ΔG°)corr of various C-termini or i+1 polar residues, which 
were reported in the previous chapter.   
  
Materials 
MPA-G-OMe, MPA-G-NHMe, MPA-G-NMe2, MPA-NHMe (MPA- = 
methylphenyl acetyl) and N-(n-propyl) acetamide (Ac-NHPro) were used in FTIR 
experiments.  The procedures of synthesis, purification, and characterization for MPA-G-
X peptides and MPA-NHMe were documented in the previous chapter.33 Their purities 
were higher than 99%.  Ac-NHPro [N-(n-propyl) acetamide] (98%) was acquired from 
Alfa Aesar (Ward Hill, MA).  CCl4 (99.6%), the only solvent used in FTIR experiments, 
was purchased from Spectrum (New Brunswick, NJ).  The structures and potential 
intramolecular HBs of the model compounds are illustrated in Scheme 4.1. 
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Methods 
FTIR Experiments 
A custom-built cell with 4 cm path length was used in the FTIR experiments.  A 
coaxial water jacket installed outside the FTIR cell was coupled with a water bath to 
control the temperature.  CaF2 disks (Thermo Spectra-Tech, Waltham, MA) were 
mounted on the two ends of the FTIR cell to allow a spectroscopic window between 
77,000 cm-1 and 900 cm-1.  The FTIR spectra of samples were scanned using a Countler/ 
Excalibur FTS 3000 spectrometer (Varian, Walnut Creek, CA).   
The absorbed water in CCl4 was removed with pre-dried molecular sieves 
overnight before the experiments.  In order to minimize the interference from the 
adsorbed water on the surface of containers, prior to each measurement, the FTIR cell 
and volumetric flasks were dried under vacuum at 60 °C overnight, and then stored in a 
desiccator.  Various amounts of MPA-G-OMe, MPA-G-NMe2, MPA-NHMe, and Ac-
NHPro were accurately weighted and then diluted to 10 ml with dry CCl4 in dry 
volumetric flasks to obtain a series of concentrations for every compound.  Before the 
experiments, the sample chamber in the instrument was purged with N2 for at least 15 
minutes to ensure complete ventilation of the FTIR cell to remove CO2 and residual water.  
All the samples were scanned 256 times from 1000 to 4000 cm-1 with a frequency 
interval of 0.5 cm-1 and the obtained FTIR spectra of the compound containing solutions 
were recorded by the controlling software of Bio-Rad Merlin (release 2.97, Varian, 
Walnut Creek, CA), which came with the instrument.  The variable temperature FTIR 
experiments were carried out for the aforementioned model compounds (at the second 
lowest concentrations) at 7, 16, 25, 33.5, 42, and 55.5 °C, respectively, which were 
measured with a thermometer through the sample loading hole on the FTIR cell.  The 
spectra of the model compounds at a given concentration and temperature were acquired 
by subtracting the spectrum of the pure solvent (CCl4) from the spectra of the solutions 
obtained under the identical conditions.  FTIR experiments were not conducted for MPA-
G-OH, due to its low solubility and extensive dimerization through the carboxyl group in 
nonpolar environments.29  For MPA-G-NHMe, the FTIR experiments were only possible 
at the lowest concentration.  
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Deconvolution of FTIR Spectra 
Gaussian  
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=    Eq 4.1 
and Lorentzian 
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HyL    Eq 4.2 
relationships30,31 (yG and yL: Gaussian and Lorentzian absorbance; H: peak height; x0: 
peak center;  w: full width at half maximum absorbance) were used in the deconvolution 
for the FTIR spectra of the model compounds, in which Gaussian and Lorentzian 
equations were respectively assigned to a H-bonded and a HB free band in a given 
spectrum.32  Nonlinear least-squares regression analyses were conducted to fit the overall 
absorbance of each spectrum with the combinations of Gaussian and Lorentzian 
equations using Scientist® (Micromath, St. Louis, MO).  In addition to the 
Lorentzian/Gaussian equations for the model compounds in each spectrum, two 
Lorentzian and two Gaussian equations were added to fit the stretching modes (narrow 
bands) and rotational modes (broad bands) of the O-H group of water to smooth the 
baseline of the spectra.  For each equation (Gaussian or Lorentzian), three parameters 
were required and a total of 15 (for reference compounds) or 18 parameters (for MPA-G-
NMe2 and MPA-G-OMe), depending on whether the model compound of interest 
contains H-bonded conformations, were needed for each spectrum.  Due to the large 
number of parameters, it is impractical to fit all spectra of a specific compound at 
different temperatures and concentrations at once.  Thus, each spectrum was fitted 
individually and every parameter was allowed to float.   
Calculation of peak area 
After the FTIR spectra were deconvoluted, the total area of each deconvoluted 
peak was determined by the following trapezoidal equation  
)()(
2
1
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in which xi+1 and xi are the two neighboring frequencies and the interval between them is 
0.5 cm-1; yi+1 and yi are the corresponding peak heights/absorbance at these two 
frequencies; n and m are the starting and ending frequencies in the calculations of peak 
area and the intervals between n and m were 150 cm-1 and 200 cm-1 for MPA-NHMe/Ac-
NHPro and MPA-G-NMe2/MPA-G-OMe, respectively.     
Concentration of HB free and H-bonded amide N-H and formation free energy of 
intramolecular HB 
Two reference compounds, MPA-NHMe and Ac-NHPro, which can not form 
intramolecular HB, were used to determine the response factor (RF) of HB free N-H in 
the model peptides in CCl4 at different temperatures according to 
ref
ref
C
A
RF =  
where Aref  and Cref are the peak areas and concentrations of these two reference 
compounds.  The absolute molar concentrations of the HB free N-H moiety, CFree, in 
MPA-G-OMe and MPA-G-NMe2 at different temperatures were calculated using the 
average RFs determined in MPA-NHMe and Ac-NHPro.  The molar concentrations of 
the H-bonded N-H group, CHB, were then calculated by subtracting CFree from the total 
concentrations of the amide N-H group in MPA-G-OMe and MPA-G-NMe2.  The 
formation free energy of intramolecular HBs is governed by 
)/ln(0 FREEHB CCRTG −=Δ . 
This equation can be further rearranged to 39-41  
R
S
TR
HCC FREEHB
00 1)/ln( Δ+×Δ−=
  Eq 4.4 
Subsequently, ln(CHB/CFree) was plotted against -1/RT to obtain the formation enthalpy 
and entropy of intramolecular HBs.    
Standard Deviations (variance) of Peak Area, Concentration of HB Free and H-
bonded Peaks (CFree and CHB), and Formation Free energy of Intramolecular HBs 
In order to estimate the standard deviations for peak area, it is necessary to obtain 
the variance of absorbance y (yG or yL) at a given frequency, x, and such information is 
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determined through the partial derivatives of the Gaussian and Lorentzian equations with 
respect to the three parameters in each equation, H, x0, and w, using the following 
relationship 
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For a Gaussian equation, the three partial derivatives are  
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Similarly, the partial derivatives of the Lorentzian relationships can be expressed by the 
following equations 
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xxB .  The total variance of peak area is calculated using the 
relationship 
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(n and m: the starting and ending frequencies for the integration of peaks; σArea and σy: 
standard deviations of peak area and absorbance at a given frequency), which is derived 
from the Eq. 4.3 using the principle of error propagation.  The variances in the 
concentrations of HB free or H-bonded N-H can be estimated by  
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where σConc_Free, σArea_Free, and σArea_ref are the standard deviations for the concentration of 
HB free N-H, peak area of HB free N-H, and peak area of the reference compounds, 
respectively. Likewise, the variance in ln(CHB/CFree) can be calculated by the following 
equation 
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from which the standard deviations for the formation free energy of intramolecular HBs 
are also calculated.   
  
Results 
Figure 4.1 illustrates the FTIR spectra of all model compounds at the lowest 
temperature (7 °C), from which the CCl4 background was already subtracted, while the 
absorbance of residual water can still be clearly seen.  Figure 4.2 illustrates two typical 
spectra of MPA-G-NMe2 and MPA-G-OMe, in which the deconvoluted peaks are 
superimposed with the original spectra.  In Figure 4.2, the four peaks on the left in both 
MPA-G-OMe and MPA-G-NMe2 are the fits using two Lorentzian and two Gaussian 
equations for residual water and the two peaks on the right are the fits through one 
Lorentzian and one Gaussian equation for the two model compounds.  The water peaks 
were removed in Figures 4.4 - 4.7, to achieve better views for the IR absorbance of the 
model compounds.   
The concentration dependence of the FTIR spectra for MPA-G-OMe, MPA-G-
NMe2, MPA-NHMe or Ac-NHPro is illustrated in Figure 4.4. The spectra were obtained 
at the lowest temperature of 7 °C with concentrations ranging from 4 × 10-5 to 1.5 × 10-3 
mol/L.  The concentrations of the four model compounds are listed in Table 4.1.  The 
temperature dependence of the FITR spectra for these four compounds is depicted in 
Figure 4.5.   
The deconvoluted and original spectra for MPA-G-NMe2 and MPA-G-OMe at 
two extreme temperatures (7 and 55.5 ºC) are depicted in Figure 4.6, where the broad 
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bands belong to the H-bonded N-H conformation fitted with Gaussian equations and the 
narrower peaks are the HB free N-H bands fitted with Lorentzian equations.  Figure 4.7 is 
the deconvolution conducted for MPA-G-NHMe. The two narrow peaks on the left in the 
figure are the HB free N-H bands, and the two bands on the right belong to H-bonded N-
H, which are significantly broader than their HB free counterparts.   
The RF of the HB free amide N-H was determined using MPA-NHMe and Ac-
NHPro.  Their corresponding response factors, 11.4 ± 0.5 mol-1 and 9.1 ± 0.2 mol-1 are 
almost constant at the concentrations ranging from 4 × 10-5 to 1.5 × 10-3 mol/L at 7 °C.  
The temperature dependence of the RFs for MPA-NHMe (0.15 mM) and Ac-NHPro 
(0.19 mM) was also examined, giving a profile of RF vs. temperature as plotted in Figure 
4.8. 
The molar concentrations of HB free and H-bonded N-H groups in MPA-G-NMe2 
and MPA-G-OMe were calculated using the methods described in the previous section.  
ln(CHB/CFree) is subsequently plotted against -1/RT in Figure 4.9, in which the enthalpy 
and entropy of HB formation in MPA-G-NMe2 and MPA-G-OMe were determined as -
4.3 ± 0.4, -6.1 ± 0.6 kcal/mol and -11.7 ± 1.2, -20.6 ± 2.1 cal/mol/K, respectively.  The 
corresponding formation free energies of intramolecular HBs in these two compounds at 
25 °C are -0.1 kcal/mol and -0.9 kcal/mol, indicating that under this condition 54 % of 
MPA-G-OMe is in the C5 conformation, while the probability of H-bonded species is 82 
% for MPA-G-NMe2.  
 
Discussion 
Deconvolution of H-bonded and HB Free Bands in FTIR Spectra 
As detailed in the methods section, the IR absorbance of each model compound 
was analyzed by two types of equations, Gaussian for H-bonded (broad) and Lorentzian 
for HB free (narrow) bands.  Nonetheless, the FTIR spectra are not always perfectly 
smooth (e.g. 3500-4000 cm-1 region shown in Figure 4.1), and may be influenced by the 
varying amount of residual water in different samples.  As shown in Figure 4.1, two sharp 
and two broad water bands representing O-H stretching modes34,35 and rotational 
motions36,37 of water can be observed in the spectra and may hinder the determination of 
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the baseline for the model compounds.  The potential interference from water bands was 
removed in the mathematical processing of the spectra.  The two broad bands of water 
were not assigned to the potential intermolecular HBs according to Magnusson’s study38, 
in which intermolecular H-bonded water bands were reported to appear at lower 
frequencies: 3693 and 3552 cm-1.  The typical fitting results of MPA-G-OMe (0.165 × 
10-3 mol/L, 7 °C) and MPA-G-NMe2 (0.140 × 10-3 mol/L, and 7 °C) are depicted in 
Figure 4.2, where the four peaks on the left belong to water absorbance and the two peaks 
on the right are HB free and H-bonded conformations in the two model compounds.  As 
introduced in the methods, the spectra of a specific compound obtained at various 
temperatures and concentrations could not be fitted simultaneously due to the large 
number of parameters needed in the model surpassing the processing capability of the 
software.  The extent of such computational burden is listed in Table 4.2, in which Ac-
NHPro and MPA-G-NMe2 at a given temperature and concentration require 15 and 18 
parameters for data fitting, respectively.  The combination of four equations for residual 
water and two (or one) equation(s) for the model compounds allowed us to obtain good 
fittings for FTIR spectra of these compounds without introducing an arbitrarily defined 
baseline.  One example of the fittings with water peaks is depicted in Figure 4.3, in which 
the calculated absorbance (dotted line) of MPA-G-NMe2 (0.140 mM and 7 °C) and the 
experimental counterpart are nearly identical to each other.  In addition, the statistics 
generated at the same conditions for MPA-G-NMe2 proved that fits using a Gaussian 
equation for the broad bands (H-bonded peak) in MPA-G-NMe2 and MPA-G-OMe, 
which gave a model selection criterion (MSC) value of 4.5, were superior to fits using 
only Lorentzian equations (MSC = 3.8), suggesting that including the Gaussian equation 
is critical in the mathematical models to acquire good fits for glycine containing 
(hydrogen bonding prone) compounds.  Nevertheless, for a better view of IR absorbance 
of the model compounds, the IR absorbance of water was removed in Figures 4.4-4.7.    
The formation of hydrogen bonds usually weakens the bond strength (constant) of 
the amide N-H, and consequently the position of the H-bonded N-H band shifts to lower 
frequency compared to the corresponding HB free N-H bands.53-55  In both Figure 4.4 and 
Figure 4.5, it is evident that the FTIR spectra of the glycine containing compounds, 
MPA-G-OMe and MPA-G-NMe2, are significantly broader than those of the reference 
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compounds, MPA-NHMe and Ac-NHPro.  The broad bands observed in the spectra of 
MPA-G-OMe and MPA-G-NMe2 should be assigned to either intermolecular or 
intramolecular hydrogen bonds.  However, considering the low concentrations of model 
peptides used in the FTIR experiments and the close proximity of the H-bonded and HB 
free peaks, the broad bands are more likely caused by intramolecular HBs, specifically 
the 5-membered (C5) intramolecular HB as depicted in Scheme 4.1.   
In Figure 4.6, the locations of the HB free N-H bands could be easily identified in 
the spectra of MPA-G-NMe2 and MPA-G-OMe, while the peak position of the broad 
band (the shoulder portion) in each spectrum at lower frequency was determined by non-
linear regression analysis.  The deconvolution results are listed in Table 4.3.  The 
calculated frequencies for HB free and H-bonded N-H are 3411 cm-1 and 3404 cm-1 for 
MPA-G-NMe2 and 3442 cm-1 and 3433 cm-1 for MPA-G-OMe.  The formation of the C5 
HB causes a 7-9 cm-1 downward shift of frequency in both compounds.  The 
deconvoluted and original spectra for both compounds at two extreme temperatures (7 
and 55.5 ºC) are superimposed in Figure 4.6.  In the figure, it is obvious that the Gaussian 
peak (broad bands) decreases significantly as the temperature increases.  The areas of 
deconvoluted peaks estimated for the model compounds using Eq 4.3 are listed in Table 
4.4 and the standard deviations of calculated peak areas were obtained with Eq 4.6.  
Similar deconvolution was also conducted for MPA-G-NHMe.  As shown in 
Figure 4.7, the band at 3461 cm-1 is assigned to the HB free terminal N-H and the one at 
3435 cm-1 to the HB free inner N-H, based on the facts that the latter band has a 
neighboring broad band at 3430 cm-1 and the shift of frequency (~ 5 cm-1) between them 
is similar to that in both MPA-G-OMe and MPA-G-NMe2, suggesting that the band at 
3435 cm-1 involves a C5 HB.  Moreover, there is another broad band at 3368 cm-1, which 
can only be assigned to the 7-membered intramolecular (C7) HB formed between the 
terminal N-H and inner carbonyl group.  The deconvolution results of MPA-G-NMe2 and 
MPA-G-NHMe match Neel’s early work,51 in which the intramolecular HBs of Ac-G-
NMe2 and Ac-G-NHMe in CCl4 were studied.  Although the peak assignments were 
possible, our best efforts to accurately determine the concentrations of H-bonded and HB 
free N-H were not successful due to the low solubility of MPA-G-NHMe, which 
significantly intensified the baseline interference in the non-linear regression analysis.  
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Self-association of the Model Compounds in CCl4  
As shown in Figure 4.4, across the concentration range explored for the four 
compounds, no new peak can be observed in the spectra as the concentration increases.  
The deconvolution results obtained from these spectra showed that the ratios between H-
bonded (5-membered intramolecular HB, C5, as shown in Scheme 4.1) and HB free N-H 
groups in MPA-G-NMe2 and MPA-G-OMe are nearly constant (10.0 ± 1.7 and 3.1 ± 0.3, 
respectively) at all concentrations.  Figure  4.4 shows the FTIR spectra of MPA-G-OMe, 
MPA-G-NMe2, MPA-NHMe and Ac-NHPro obtained at different concentrations and at 
the lowest temperature (7 °C).  Peptide self-association is governed by a relationship:  
n
monoassociated CkC ×=  
where Cassociated is the concentration of dimers or oligomers of a given solute; Cmono is the 
concentration of monomer; k is a self-association constant; and n is degree of the self-
association (for dimers n = 2).  Such a relationship indicates that the extent of peptide 
self-association is concentration dependent.  For the above four compounds, the likely 
self-association occurs through an intermolecular HB between the amide hydrogen and 
carbonyl oxygen in different molecules.  In an early study, Mizuno et al.42 examined the 
dimerization of Ac-Phe-NMe2, Ac-Val-NMe2, and Ac-G-NMe2 (the last one is a 
structural analogue of MPA-G-NMe2) in CCl4 using both IR and NMR spectroscopic 
methods and determined their corresponding dimerization constants at 20 °C as 11.2, 
18.7, and 2.7 L/mol, respectively.  Near-infrared spectroscopic experiments conducted by 
Krikorian43 determined that the dimerization constant of N-methylacetamide is around 24 
in CCl4 at 20 °C.  Based upon these results, the dimerization constants of MPA-G-NHMe 
and MPA-G-NMe2 in CCl4 at 25 °C should fall in a range from 2.7 to 25.  Given that the 
highest concentration of MPA-G-NHMe and MPA-G-NMe2 in this study was 1.5 × 10-3 
mol/L, the highest estimated concentration of dimer using a dimerization constant of 25 
for each compound is about 6 × 10-5 mol/L.  Consequently, the fraction of monomer 
existing as dimer is ~ 8%, which should be deemed as negligible.  This conclusion is 
further supported by the evidence that a new dimer peak should appear at a lower 
frequency (∆ν = 84-120 cm-1) relative to a parent HB free band according to Ludwig and 
Mizuno’s results42,44 and such a peak is absent in the FTIR spectra in Figure 4.4 at 
various concentrations in the current work.  Additional evidence is provided by 
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Koeddermann and Ludwig44 that no self-association could be observed in the FTIR 
spectra of N-methylacetamide in CCl4 under similar conditions (~ 1 × 10-3 mol/L and 20 
°C).  For MPA-G-OMe in Figure 4.3, no new peaks can be found at the locations with 
frequency shifts of 84-120 cm-1.  Other studies45-47 have noted that the ester functional 
groups have lower ability to form hydrogen bonds, and thus if an ester group is involved 
in intermolecular hydrogen bonding, it may even further lower the self-association 
constant. 
Furthermore, the distribution of intermolecular hydrogen bonds was discovered to 
be temperature dependent.48  Specifically, the population of H-bonded species should 
increase as the temperature decreases.  The FTIR spectra obtained at the lowest 
temperature, shown in Figure 4.4, have suggested that self-association is insignificant.  
Consequently, it is safe to regard intermolecular HBs as negligible at higher temperatures 
as well.  All the above evidence for MPA-G-X series of compounds indicates that the 
self-association/intermolecular HB formation is insignificant at the conditions employed 
in this work.  
Temperature Dependence of FTIR Spectra 
Shown in Figure 4.5, the peaks for MPA-G-OMe and MPA-G-NMe2 are much 
broader than those for the reference compounds: Ac-NHPro and PA-NHMe.  The overall 
absorbance of the four model compounds decreases as the temperature increases, while 
the shoulders in the spectra of MPA-G-OMe and MPA-G-NMe2 diminish as the 
temperature increases.  More significantly, the deconvolution results (illustrated in Figure 
4.6) show that the relative ratios between the broad bands and narrow bands in MPA-G-
OMe and MPA-G-NMe2 decrease as temperature increases.  This observation helps us to 
assign the broad band to an intramolecular HB (C5) for two reasons: (1) hydrogen 
bonding is sensitive to temperature;49,50 and (2) the intermolecular HB was ruled out in 
the studies of concentration dependence.  As discussed in the previous section,  the 
temperature dependence studies were used to determine the RFs of HB free –NH groups 
in Ac-NHPro and MPA-NHMe.     
Response Factors of HB Free N-H in CCl4 
It is not feasible to directly calculate the RFs (peak area/concentration, RF) of HB 
free amide N-H groups from glycine-containing compounds in CCl4, because the HB free 
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and H-bonded conformations always coexist in these compounds.51  Thus, the only way 
to obtain an accurate response factor is to use other reference compounds, which contain 
an amide N-H but lack the ability to form any intramolecular HBs.  N-methylacetamide 
was used as reference compound to determine the absolute concentrations of HB free N-
H for a series of homologous diamides in CH2Cl2 by Gellman et al.52 and for a series of 
unnatural peptides by Dado et al.,41 assuming the RF of the N-H in N-methylacetamide to 
be identical to those in peptides/peptide-like compounds.  Similarly, Gallo et al.39 
determined the RF of HB free amide N-H from the simplest compound in a series of 
depsipeptides, an approach comparable to MPA-G-X/MPA-X or RGZ/RZ compound 
pairs.  In this study, MPA-NHMe was initially chosen as the reference compound to 
determine the RFs of the HB free amide N-H at various temperatures.  However, the 
backbone amide N-H moieties in the MPA-G-X series of compounds, for which the 
distribution of intramolecular HBs was determined, are embedded in glycine residues 
with relatively long side chains (e.g. -CH2-CO-X), and the methyl group attached on the 
amide nitrogen in MPA-NHMe may not fully account for the effect of acyl side chains.  
Therefore, Ac-NHPro was also chosen as a reference compound.  As mentioned in the 
results section, the average RFs of MPA-NHMe and Ac-NHPro, 11.4 ± 0.5 mol-1 and 9.1 
± 0.2 mol-1, respectively, were determined at 7 °C and concentrations ranging from 1 × 
10-5 to 1 × 10-3 mol/L.  The consistent RFs of both compounds obtained at various 
concentrations suggest that the RFs of the two reference compounds are independent of 
concentration.  Subsequently, the RFs of MPA-NHMe (0.15 mM) and Ac-NHPro (0.19 
mM) were also examined under various temperatures and found to be temperature 
dependent.  As depicted in Figure 4.8, the RFs of the two compounds decrease linearly as 
the temperature increases.  Such observations are in line with the results obtained in the 
work of Gellman et al.40  In addition, Figure 4.8 also shows that the absolute RFs of the 
two compounds at the same temperature are not exactly the same (~ 20 % difference), 
reflecting a difference in the bond constants of N-H in MPA-NHMe and Ac-NHPro due 
to the variations in their side chains, which may also include the potential effect of the 
phenyl group in MPA- on the backbone amide N-H.  In addition, although both MPA-
NHMe and Ac-NHMe are the closest analogues we could find for MPA-G-OMe or 
MPA-G-NMe2, neither of them is an exact replica for the HB free N-H in glycine, since 
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they lack a carbonyl group (-CH2-CO-) in close proximity to the amide –N-H.  Therefore, 
in this study, a simple average of the two RFs of MPA-NHMe and Ac-NHPro at every 
temperature was used to calculate the concentration of the HB free amide –NH in MPA-
G-OMe and MPA-G-NMe2.  
Probability and Energetics of C5 Intramolecular HB  
The probabilities of H-bonded and HB free amide N-H as well as the 
corresponding standard deviations calculated using Eq 4.7 are listed in Table 4.5.  A plot 
of ln(CHB/CFree) vs. -1/RT is depicted in Figure 4.9, in which the standard deviations of 
ln(CHB/CFree) were estimated using Eq 4.8.  The slope of the fitted line in Figure 4.9 is 
ΔH0 and the intercept is ΔS0/R.  The enthalpies of HB formation in MPA-G-OMe and 
MPA-G-NMe2 are -6.1 ± 0.6 kcal/mol and -4.3 ± 0.4 kcal/mol, respectively, favoring HB 
formation.  However, the entropies are -20.6 ± 2.1 and -11.7 ± 1.2 cal/mol/K disfavoring 
HB formation.  ΔS0 of MPA-G-OMe is almost twice that of MPA-G-NMe2, showing that 
HB formation is more entropically unfavorable in MPA-G-OMe.  The free energy of HB 
formation at 25 °C is -0.1 kcal/mol and -0.9 kcal/mol for MPA-G-OMe and MPA-G-
NMe2, respectively.  The results indicate that at 25 °C, 54 % of MPA-G-OMe is in a H-
bonded conformation, while the number is 82 % for MPA-G-NMe2.  This observation is 
supported by a series of studies,45-47,56-60 which demonstrated that replacing an amide 
bond in a peptide backbone with ester counterparts induced conformational changes in a 
given peptide due to the fact that ester functional groups have a lower ability to form HBs.  
Both FTIR results and literature evidence suggest that the solvation of the ith peptide 
backbone amide in a given solvent may be altered by the different distribution of 
intramolecular HBs induced by various C-terminus/i+1 polar functional groups.   
Intramolecular HB and C-terminus/i+1 Polar Residue Dependence 
The species and probability (if available) of intramolecular HBs in the MPA-G-X 
series of compounds and ∆(∆G0)gly across bilayers or partitioning from water to organic 
solvents as well as ∆(∆G0)corr are listed in Table 4.6.  The first noteworthy result obtained 
from the FTIR experiments, shown in Table 4.6, is the extensive existence of 
intramolecular HBs in MPA-G-X (X = -OMe, -NMe2, and –NHMe) compounds.  Xiang 
and Anderson’s MD simulation study61 for a series of p-toluyl (Tol-) peptides in CCl4 
found that the C7 intramolecular HB in Tol-Ala-OH (between terminal hydroxyl group 
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and inner carboxyl group) is the dominant conformation suggesting that a similar C7 
intramolecular HB in MPA-G-OH may be also dominating in a nonpolar enviroment.  
Such C-terminus/i+1 polar residue induced intramolecular HBs in the MPA-G-X series of 
compounds agrees with the overall tendency revealed in the previous chapter that a C-
terminus/i+1 polar residue can profoundly reduce the apparent transfer free energy of the 
ith peptide backbone (∆(∆G0)-CONH-) or glycine residue (∆(∆G0)gly) in the RGZ/RZ series 
of compounds.  The obvious correlation between the formation of intramolecular HBs 
and C-terminus/i+1 polar residue effect strongly suggests that the intramolecular HBs 
formed in the model compounds when exposed to organic solvents or bilayer barrier 
domain may alter the solvation of peptide backbone amides and compensate, at least 
partially, for the energy penalty associated with the transfer of these polar functional 
moieties from water to the bilayer barrier domain or an organic solvent.  The conclusion 
agrees with Roseman’s early work, which defined such observations as “self-solvation”.6  
FTIR experiments alone cannot provide any information on the potential effect of partial 
charges induced by the neighboring polar residues upon the transfer of peptide backbone 
amides.  Such an effect is assumed to be less important as the intramolecular HBs in the 
current study, because ∆(∆G0)gly or ∆(∆G0)-CONH- was determined by comparing bilayer 
permeability or water/organic solvents partition coefficients of RGZ to those of RZ, in 
which the partial charge effects may be cancelled in the data processing.   
The second significant observation from Table 4.6 is the dependence of 
intramolecular HBs, both species and probability, on the variations in C-terminus or i+1 
polar residue of peptide backbone amides (82% C5 with –NMe2, 54% C5 with –OMe, C5 
and C7 with –NHMe, and potential C7 with –OH, respectively).  Shown in Table 4.6, 
∆(∆G°)gly (or ∆(∆G°)-CONH-) associated with a –NMe2 C-terminus is ~1.5 kcal/mol lower 
than the one with an –OMe C-terminus for the transfer of a gly residue from water to 
CCl4.  When transferring a gly residue from water to DEDI (or the barrier domain of 
DOPC/eggPC bilayers), the difference of ∆(∆G°)gly between these two sets of compounds 
increases to ~1.8 kcal/mol.  A closer examination of the FTIR results in this study also 
revealed that when two compounds exhibit the same type of intramolecular HB, e.g. C5 in 
both MPA-G-OMe and MPA-G-NMe2, the probability of a C5 intramolecular HB is 
inversely related to ∆(∆G°)-gly- (or ∆(∆G°)-CONH-).  Specifically, a higher probability of C5 
 
110
in MPA-G-NMe2 (82%) leads to a lower energy penalty for the transfer of gly residue 
compared to MPA-G-OMe (54%).  As mentioned in the introduction, the correlations 
between permeability and corresponding conformations of a series of cyclic peptides and 
their acyclic reference compounds, which have the same sequence of residues and overall 
length, were studied.19-25  Based upon the results obtained from these studies, some 
researchers found that the cyclic peptides exhibit higher passive permeability,19-21,25 while 
others drew an opposite conclusion.22-24  Nonetheless, a common principle was 
discovered in the same studies that peptides, regardless of their structures (cyclic or 
acyclic), with a higher probability of intramolecular HBs in membrane or bilayers tend to 
exhibit a higher permeability across the membrane compared to their corresponding 
structural analogues.  Rezai’s recent study focused on a series of cyclic peptides,26 among 
which the only difference is the location of a Pro residue.  The results generated in this 
study reinforce the common belief that intramolecular HBs may enhance passive 
membrane permeability of peptides.  Similar methodology can be also found in Mayer et 
al.’s work,3 in which the positions of sarcosine residues were varied in a series of 
structurally related peptides and significant nonadditive transfer free energies of peptide 
backbone amides or amino acid residues in these compounds were attributed to 
intramolecular HBs.  Overall, the common tendency discovered in the FTIR and transfer 
free energy results obtained in this and the previous chapter agree with the observations 
in the aforementioned literature, indicating that the formation of intramolecular HBs is 
important in facilitating peptide transport across bilayers and is probably the main reason 
for the observed C-terminus/i+1 polar residue dependence in peptides.  The readers 
should bear in mind that the latter conclusion was based on a two-point correlation 
involving MPA-G-OMe and MPA-G-NMe2 and thus additional work will be necessary to 
establish this with certainty.  
The situation is more complicated for MPA-G-NHMe and MPA-G-OH, because 
quantitative deconvolution was not possible for these compounds.  This problem in 
MPA-G-NHMe is depicted in Figure 4.10, wherein no apparent correlation between 
ln(CHB/CFREE) and -1/RT can be found for the potential C7 HB.  Consequently, a direct 
comparison of intramolecular HB between MPA-G-NHMe/MPA-G-OH to MPA-G-
NMe2/MPA-G-OMe is impossible.  Furthermore, limited by the availability of data sets, 
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it is hard to establish a one to one correlation between the C-terminus/i+1 polar residue 
correctional terms, ∆(∆G°)-gly-, in the new LFER model with the probability of 
intramolecular HBs induced by the corresponding neighboring groups.  Such attempts are 
made even more difficult by the fact that the contribution of various conformations 
caused by C5 and C7 HBs to the transfer of gly residue or peptide backbone amide is still 
unknown.   
 
Conclusion 
Intramolecular hydrogen bonding in MPA-G-X (X = -OMe, -NMe2, and –NHMe) 
in CCl4 was studied using FTIR spectroscopy.  Extensive intramolecular HBs were 
observed in all three compounds (C5 HB in MPA-O-Me and MPA-G-NMe2; C5 and C7 
HBs in MPA-G-NHMe).  Variable temperature FTIR experiments were conducted to 
determine the distribution of C5 HB in both MPA-G-OMe and MPA-G-NMe2.  The 
intramolecular HBs in the MPA-G-X series of model compounds were compared to 
∆(∆G°)corr determined in the previous chapter (the new LFER).  The results indicate that 
intramolecular HBs induced by various C-termini/i+1 polar residues may account for the 
observed nonadditivity in peptide transfer across membranes.  The probability of C5 HB 
in MPA-G-NMe2 and MPA-G-OMe combined with literature evidence indicates that the 
distribution of intramolecular HBs formed between a peptide backbone amide and C-
termini/i+1 polar residues inversely relates to ∆(∆G°)gly or ∆(∆G°)-CONH- across the 
bilayer barrier domain.  Such observations may explain the significant variations in the 
correctional terms associated with C-termini/i+1 polar residues in the new LFER model.   
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Scheme 4.1.  Structures and potential intramolecular HBs of model compounds. From top 
to bottom are Ac-NHPro (I), MPA-NHMe (II), MPA-G-OMe (III), MPA-G-NMe2 (IV), 
and MPA-G-NHMe (V).   
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Table 4.1. Concentrations of the Model Compounds in CCl4.   
 
 1 (mol/L) 2 a (mol/L) 3 (mol/L) 4 (mol/L) 
Ac-NHPro 4.05 x 10-5 1.94 x 10-4 4.18 x 10-4 1.28 x 10-3 
MPA-NHMe 6.31 x 10-5 1.53 x 10-4 5.89 x 10-4 1.49 x 10-3 
MPA-G-OMe 6.55 x 10-5 1.65 x 10-4 4.68 x 10-4 1.36 x 10-3 
MPA-G-NMe2 4.48 x 10-5 1.40 x 10-4 4.36 x 10-4 1.26 x 10-3 
MPA-G-NHMe 4.31 x 10-5    
a. The samples used in the variable temperature (7, 16, 25, 33.5, 42, and 55.5 °C) 
experiments. 
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Table 4.2. Typical Fitting Parameters Obtained Using Eqs 4.1 and 4.2 for Model Solutes. 
(0.194 mM Ac-NHPro at 33.5 °C and 0.140 mM MPA-G-NMe2 at 16 °C are selected as 
representatives.)  
  Ac-NHPro MPA-G-NMe2 
Water bands a 1st HL 0.032 0.053 
 1st XL0 3709.3 3708.3 
 1st WL 33.76 32.03 
 2nd HL 0.0076 0.018 
 2nd XL0 3617. 9 3616.7 
 2nd WL 14.018 20.16 
 1st HG 0.0065 0.0043 
 1st XG0 3796.0 3811.6 
 1st WG 282.5 110.19 
 2nd HG 0.0047 0.0056 
 2nd XG0 3610.1 3711.5 
 2nd WG 74.19 409.3 
Solute bands b HL 0.058 0.015 
 XL0 3461.6 3409.8 
 WL 18.17 9.569 
 HG  0.048 
 XG0  3403.1 
 WG  42.98 
 
a. 1st and 2nd are the first and second (higher frequency to lower frequency) water 
peaks (either Lorentzian or Gaussian) in a given FTIR spectra; subscript L and G 
stand for the Lorentzian and Gaussian equations, respectively; XL0/XG0 and WL 
have a unit of cm-1.   
b. The parameters for the solute peaks; subscript L and G stand for the Lorentzian 
(HB free) and Gaussian (H-bonded) peaks, respectively; XL0/XG0 and WL have a 
unit of cm-1. 
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Table 4.3. Peak Positions of N-H Stretching Mode in the Model Compounds: Both HB 
free and H-bonded (if present) 
 
  HB-free (cm-1) HB (cm-1) 
Ac-NHPro  3462  
MPA-NHMe  3451  
MPA-G-OMe  3442 3433 (C5) 
MPA-G-NMe2  3411 3404 (C5) 
MPA-G-NHMe     3461 a 3368 (C7) 
     3435 b 3432 (C5) 
a. terminal N-H 
b. internal N-H 
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Table 4.4.  Peak Area (at different temperatures) Calculated from Deconvolution Results 
Using Lorentzian and Gaussian Equations for Ac-NHPro, MPA-NHMe, MPA-G-NMe2, 
and MPA-G-OMe.   
 Temperature 
(°C)
Area of HB-
f k
stdv Area of HB 
k
stdv 
Ac-NHPro 7 1.797 0.009   
 16 1.730 0.006   
Conc. = 0.194 mM 25 1.659 0.006   
 33.5 1.593 0.006   
 42 1.512 0.005   
 55.5 1.409 0.005   
      
MPA-NHMe 7 1.727 0.006   
 16 1.651 0.005   
Conc. = 0.153 mM 25 1.581 0.005   
 33.5 1.507 0.004   
 42 1.440 0.004   
 55.5 1.346 0.004   
      
MPA-G-OMe 7 0.66 0.03 1.83 0.04 
 16 0.68 0.03 1.73 0.03 
Conc. = 0.165 mM 25 0.73 0.04 1.61 0.06 
 33.5 0.93 0.03 1.39 0.03 
 42 0.96 0.03 1.29 0.03 
 55.5 0.98 0.02 1.21 0.02 
      
MPA-G-NMe2 7 0.201 0.006 2.317 0.008 
 16 0.225 0.006 2.201 0.008 
Conc. = 0.140 mM 25 0.247 0.006 2.069 0.009 
 33.5 0.319 0.006 1.952 0.008 
 42 0.348 0.006 1.871 0.008 
 55.5 0.362 0.006 1.774 0.012 
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Table 4.5. Calculated Probability of Intramolecular HBs in MPA-G-NMe2 and MPA-
GOMe at Different Temperatures.  (MPA-G-NMe2 : 1.40 x 10-4 mol/L and MPA-G-OMe 
1.65 × 10-4 mol/L) 
 
 MPA-G-NMe2 MPA-G-OMe 
Temperature 
(°C) 
HB free H-bonded HB free H-bonded 
7 0.138 ± 0.002 0.862 ± 0.002 0.383 ± 0.015 0.617 ± 0.015 
16 0.161 ± 0.003 0.839 ± 0.003 0.413 ± 0.017 0.587 ± 0.017 
25 0.184 ± 0.004 0.816 ± 0.004 0.464 ± 0.019 0.536 ± 0.019 
33.5 0.249 ± 0.006 0.751 ± 0.006 0.614 ± 0.024 0.386 ± 0.024 
42 0.285 ± 0.008 0.715 ± 0.008 0.665 ± 0.024 0.335 ± 0.024 
55.5 0.318 ± 0.009 0.682 ± 0.009 0.733 ± 0.024 0.267 ± 0.024 
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Table 4.6. (a) Probability of Intramolecular HBs in MPA-G-X and ∆(∆G0)gly with Various C-termini (obtained in CCl4/water 
or 1,9-decadiene/water (DOPC bilayers) at 25 °C) 
glycine containing 
compounds 
Reference 
compounds 
Intramolecular HB 
species and 
probability 
∆(∆G0)gly (cal/mol) ∆(∆G0)gly  (cal/mol) 
  in CCl4 CCl4/water 
1,9-decadiene/water or 
across DOPC bilayer 
MPA-G-OH MPA-OH potential C7 a 3806 ± 96 4102 ± 85 
MPA-G-OMe MPA-OMe C5 (54%) 3305 ± 85  4257 ± 23 
MPA-G-NMe2 MPA-NMe2 C5 (82%)    1845 ± 104 2385 ±18 
MPA-G-NHMe MPA-NHMe   C5 and C7 1662 ± 19  3105 ± 53 
Hypothetical isolated gly (HB free) N/A N/A 6185 b 
a. extrapolated from Xiang and Anderson’s work. 61  
b. adapted from the previous chapter. 
(b) Probability of Intramolecular HB in MPA-G-X and i+1 ∆(∆G0)corr (C-terminus) for Peptide Backbone Amides.  (25 °C) 
adjacent C-terminus 
(i+1) residue 
Intramolecular HB 
species and probability 
∆(∆G0)corr (cal/mol) c 
-X in CCl4 
1,9-decadiene/water or 
across DOPC bilayer 
-COOH potential C7 a -1780 ± 154 
-COOMe C5 (54%) -1780 ± 154 
-CONMe2 (-CONMe-) C5 (82%) -3365 ± 232 
-CONHMe (-CONH-) C5 and C7 -2656 ± 178 
c. generated in the previous chapter. 
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Figure 4.1. FTIR spectra (7 °C) of (A) Ac-NHPro; (B) MPA-NHMe; (C) MPA-G-NMe2; 
(D) MPA-G-OMe; (E) MPA-G-NHMe.  The FTIR spectra were generated by subtracting 
the background IR absorbance of pure CCl4 from the spectra of the compound containing 
solutions.   
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Figure 4.2.  Deconvoluted peaks of MPA-G-NMe2 (top, 0.140 mM, 7 °C) and MPA-G-
OMe (bottom, 0.066 mM, 16 °C).  Solid lines are the original FTIR spectra and dotted 
lines are the deconvoluted peaks.  Left four peaks (two Lorentzian and two Gaussian 
equations) are the fit for the water bands, and the right two peaks (two Lorentzian and 
two Gaussian equations) are the fit for a given model compound. The water bands are 
removed in the following figures to achieve better views for the IR absorbance of the 
model compounds.   
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Figure 4.3. FTIR spectra of MPA-G-NMe2: calculated absorbance (dotted line) is 
superimposed with experimental absorbance (solid line).  The experimental spectrum of 
MPA-G-NMe2 was obtained at 0.140 mM in CCl4 at 7 °C, same as in Figure 4.2.    
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Figure 4.4. Concentration dependence of the FTIR spectra. All spectra were obtained at 7 
ºC.  Top (left): Ac-NHMePro (1.27, 0.42, 0.19, and 0.04 mM, area reponse factor: 9.1 ± 
0.2); Top (right): MPA-NHMe (1.49, 0.59, 0.15, and 0.06 mM, area reponse factor: 11.3 
± 0.5); Bottom (left): MPA-G-NMe2 (1.26, 0.44, 0.14, and 0.04 mM, area ratio of H-
bonded form to HB free form: 10.0 ± 1.7); MPA-G-OMe (1.36, 0.47, 0.17, and 0.07 mM, 
area ratio of H-bonded form to HB free form: 3.1 ± 0.3)  
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Figure 4.5. Temperature dependence of all model compounds.  In each panel from top to 
bottom: 7, 16, 25, 33.5, 42, and 55.5 °C.  Top left: Ac-NHPro; Top right: MPA-NHMe; 
Bottom left: MPA-G-NMe2; Bottom right: MPA-G-OMe. 
0
0.02
0.04
0.06
0.08
3100320033003400350036003700
Wave nmber (cm-1)
A
bs
or
ba
nc
e
0
0.02
0.04
0.06
0.08
32003300340035003600
Wave number (cm-1)
A
bs
or
ba
nc
e
0
0.02
0.04
0.06
0.08
32003300340035003600
Wave number (cm-1)
A
bs
or
ba
nc
e
0
0.03
0.06
0.09
0.12
32003300340035003600
Wave number (cm-1)
A
bs
or
ba
nc
e
 
124
 
 
Figure 4.6.  Deconvolution of FTIR spectra for MPA-G-NMe2 (Top, left at 7 ºC and right 
at 55.5 ºC) and MPA-G-OMe (Bottom, left at 7 ºC and right at 55.5 ºC).  The wider peak 
in each spectrum is fitted with a Gaussian function representing H-bonded N-H.  The 
narrower and sharper peak is fitted with a Lorentzian function representing the HB free 
N-H.   
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Figure 4.7. Deconvolution for the FTIR spectrum of MPA-G-NHMe at 7 ºC.  The 
concentration of MPA-G-NHMe is 0.04 mM.  From left to right: the 1st sharp peak is HB-
free terminal N-H; the 2nd sharp peak is HB-free internal N-H; the 1st broad band is H-
bonded internal N-H; the 2nd broad band is H-bonded terminal N-H. 
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Figure 4.8. Response factors (area/concentration) of Ac-NHPro (left) and MPA-NHMe 
(right) at different temperatures.   
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Figure 4.9. ln(CHB/CFREE) vs. -1/RT.  Left panel: MPA-G-NMe2; Right panel: MPA-G-
OMe.  The slope equals the enthalpy (ΔH0) of the formation of hydrogen bond and the 
corresponding entropy (ΔS0) can be derived from the intercepts.  
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Figure 4.10. ln(CHB/CFREE) vs. -1/RT plot for potential C7 HB in MPA-G-NHMe at 0.04 
mM in CCl4 
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CHAPTER FIVE 
Molecular Dynamics Simulations for Glycine Containing Peptides: Effect 
of C-terminal Polar Substituents on Peptide Conformation and Solvation 
of the Peptide Backbone Amide in Water and Organic Solvents  
Introduction 
A previous chapter focused on relating the structure of a given peptide or peptide-
like small molecule to its permeability coefficients across DOPC bilayers (in their liquid 
crystalline phase at 25 °C) or its partition coefficients between 1,9-decadiene and water 
using a new linear free energy relationship.  Such a model represents a significant 
advancement over simple LFERs derived from organic molecules with isolated polar 
functional groups by incorporating a series of correctional free energy terms to 
mathematically address the i+1 polar residue/C-terminus effect or proximity effect on the 
nonadditive group contribution of the ith peptide backbone amide/amino acid residue in 
peptides.  The new LFER model revealed that the neighboring polar group corrections to 
the transfer free energy of the ith peptide backbone amide (-CONH-) across lipid bilayers 
are -1.8, -2.7, and -3.4 kcal/mol for –COOH/–COOMe, -CONH-/-CONHMe, and –
CONMe-/-CONMe2 i+1 polar residues/C-termini, respectively.  More importantly, these 
correctional terms in this new LFER model are not only significant compared to the 
transfer free energy of an isolated backbone amide (6.9 kcal/mol), but also highly 
dependent on the specific i+1 polar residue/C-terminus.  
Two major hypotheses have been proposed to explain the observed nonadditivity  
in the transfer free energy of peptide backbone amide or amino acid residues across lipid 
bilayers or partitioning between water and organic solvents: (1) neighboring i+1 polar 
substituents may induce changes in partial charge of the ith peptide backbone amide 
leading to solvation differences; or (2) i+1 polar substituent-induced variations in the 
probability of intramolecular hydrogen bonding within a peptide molecule (i.e., 
differences in “self-solvation” 1) may alter the solvation of the peptide backbone amide in 
various solvents leading to changes in its contribution to the free energy..  The first 
hypothesis is supported by a series of studies conducted by Avbeij and Baldwin et al.,2-5 
in which the electrostatic interactions between solvent molecules and polar groups within 
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peptides or between two neighboring polar groups were examined.  In these studies, the 
electrostatic characters of solvation of peptide polar groups were found to be crucial in 
altering peptide conformations and causing the nonadditivity of polar group contributions.  
Alternatively, a large body of literature suggested accelerated membrane permeation in 
peptides with a higher probability of intramolecular HBs within a series of peptides with 
similar overall length and residue sequence6-12, stressing an important role for 
intramolecular HBs in the observed nonadditivity of the peptide backbone amide 
contribution to the transfer free energy.   
In the previous chapter, a vibrational spectroscopy technique, FTIR, was applied 
to study the distribution of intramolecular HBs in the MPA-G-X series of peptides in 
CCl4, a nonpolar solvent.  The FTIR results revealed that the formation of intramolecular 
HBs in MPA-G-X is extensive in CCl4 and that a qualitative correlation exists between 
the nonadditive transfer free energy of the peptide backbone amide or glycine residue 
(Δ(ΔG°)-CONH- or Δ(ΔG°)gly) associated with various i+1 polar residues/C-termini (-X) 
and the distribution of C5 (5-membered ring) and C7 (7-membered ring) intramolecular 
HBs formed by these functional groups.  Specifically, the lower Δ(ΔG°)-CONH- or 
Δ(ΔG°)gly in MPA-G-NMe2 relative to that of MPA-G-OMe correlated with a higher 
probability of C5.  Overall, the FTIR experiments provide some supportive evidence for 
the intramolecular HB hypothesis.  Although FTIR is very useful in directly observing 
intramolecular HBs in model peptides in organic solvents, this approach does not 
delineate a partial charge effect on Δ(ΔG°)-CONH- for a peptide permeating a membrane or 
partitioning between water and an organic solvent.   Moreover, the FTIR experiments 
were limited to one solvent, CCl4, because similar experiments in 1,9-decadiene or within 
the barrier domain of lipid bilayers were impractical.     
This chapter has the same goal of obtaining a molecular level understanding of 
the phenomenon of nonadditivity associated with the contribution of the backbone amide 
to the free energy of peptide transfer across lipid bilayers, but employs another technique, 
molecular dynamics simulations (MDS).  MDS are useful for probing the solvation of a 
given peptide in both polar and nonpolar environments,13-17 such as water and organic 
solvents or the ordered chain regions within lipid bilayers, respectively.  The 
determination of peptide conformations by FTIR is limited by many factors, such as the 
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choice of solvents, low solubility of polar solutes/peptides in organic solvents, and self-
association of solutes in nonpolar organic solvents.  In contrast, MDS is more flexible 
than FTIR, since one can study virtually any solvent system by MDS as long as the force 
field parameters are available.   
MDS has been used to address the following questions related to the formation of 
intramolecular HBs: (1)  Does nonpolar solvent induced intramolecular HB between a 
given backbone CONH residue in a peptide and the polar backbone substituents of the 
i+1 residue/C-terminus (-X) of the same peptide result in partial compensation for the 
free energy penalty associated with the transfer of that peptide backbone CONH from 
water to an organic solvent or the barrier domain of a lipid bilayer?;  (2) Does the extent 
of intramolecular HB formation between a given backbone CONH residue in a peptide 
and the polar substituents on the i+1 residue of the same peptide depend significantly on 
the nature of that polar substituent (i.e., -COOH or –COOMe versus -CONHMe or -
CONMe2), consistent with the experimental partitioning and permeability proximity 
effects?; (3) Are the i+1 residue effects on H-bonding in CCl4 observed in MDS 
qualitatively and quantitatively consistent with the results generated by FTIR?; and (4) 
Are there any qualitative or quantitative correlations between the i+1 residue effects on 
intramolecular HB patterns, charge distribution, or solvation determined by MDS and the 
effects of the same substituents on Δ(ΔG°)gly?  
The AMBER force fields, which are particularly optimized for peptide solvation, 
were chosen for the MDS studies.  The conformational structures, partial charges, and 
solvation of the MPA-G-X/MPA-X series of compounds in water, CCl4, and 1,9-
decadiene (DEDI) were carefully examined using the AMBER 8 suite.  The solvents 
were selected for this study because: (1) MDS in CCl4 allows us to compare the 
calculated/predicted probability of intramolecular HBs in a given solute to the 
experimental (FTIR) counterparts of the same compound, thereby permitting us to test 
the accuracy of the force fields in AMBER; and (2) DEDI resembles the chemical 
selectivity of the barrier domain in DOPC/egg PC bilayers18,19 and the conformations of 
the MPA-G-X series of compounds obtained in DEDI should be comparable to those in 
the barrier domain of bilayers.   
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Partial charges of the MPA-G-X/MPA-X series of compounds were generated by 
combining MD simulations and ab initio calculations, and the results were used to 
examine the origin of the nonadditivities of Δ(ΔG°)gly.  In addition, the total free energies 
of MPA-G-X/MPA-X peptides solvated in water, DEDI, and CCl4 were compared.    
 
Methods  
Force Fields and Molecular Models 
Four glycine-containing peptides (MPA-G-X, MPA = methylphenyl acetyl and X 
= -OH (anti and syn geometries), -OMe, -NHMe, and -NMe2), as well as their reference 
counterparts lacking glycine(MPA-X), were constructed using the xleap module of the 
AMBER 8 program suite.20  After initial minimization by xleap, the structures were 
further optimized by ab initio calculations at the level of HF/6-31G* using Gaussian 03.21  
The Gaussian program was also applied to calculate the electrostatic potentials (ESPs) for 
the optimized structures, where two different levels of HF/6-31G* and B3LYP/cc-
pVTZ22,23 were used to generate ESPs for a given solute in water and less polar organic 
solvents, respectively.  The B3LYP/cc-pVTZ basis set has been shown to be superior to 
HF/6-31G* in reproducing the dipole moment of a given molecule in the gas phase24 and 
in significantly lowering the calculated charge sets for N-methylated nucleic acid bases25 
making it more suitable to generate partial atomic charges of solutes in CCl4 or DEDI.  
No scaling factors were used for B3LYP/cc-pVTZ/HF/6-31G* basis sets in the MDS.  
Subsequently, the calculated ESPs (Gaussian) were substituted into the restrained ESP 
(RESP)26 module of AMBER 8, which integrates an atom-centered point charge model27-
29 to obtain atomic partial charges at the molecular surface of the model compounds.   
The same approach was applied to obtain the partial charges for a 1,9-decadiene (DEDI) 
molecule, which was later used to build DEDI solvent boxes for MD simulations.  Other 
force field parameters, such as bond, angle, torsion, and atom types of the model 
compounds were obtained from the AMBER all-atom parm99 force field database30 and 
general amber force field.31  The well-established TIP3P model32 was used for the water 
solvent boxes.  The CCl4 solvent boxes and the required force field parameters were 
directly transplanted from Xiang and Anderson’s work.33 The DEDI solvent boxes were 
 
139
constructed using the general amber force field database, which contains all the required 
parameters.  A single molecule of each model compound (MPA-G-X or MPA-X) was 
solvated in three solvent boxes (water, DEDI, and CCl4) using xleap, and thus twenty-
four [plus an additional six for MPA-G-OH/MPA-OH (syn)] solvation systems of model 
compounds/solvents were constructed.  The MPA-X series of compounds were solvated 
in a cubic box of 1500, 200, or 800 molecules of water, DEDI or CCl4, respectively.  
Likewise, the MPA-G-X peptides were solvated in a cubic box of 1700, 280, or 850 
molecules of the corresponding solvents.  
Molecular Dynamics Simulations  
After the initial constructions and minimizations in xleap, two minimization steps 
and three molecular dynamics runs were conducted sequentially for the aforementioned 
systems.  Minimization steps: (1) A total of 20,000 iterations of steepest-descent followed 
by conjugate gradient were conducted to remove the bad contacts between the solvent 
molecules, while the solute molecule was fixed at its initial position with strong restraints; 
(2) Long minimizations were conducted for every solvation system without any restraints, 
and most of these systems required less than 150,000 steps to reach an energy plateau.  
For every model compound, the starting configurations for MD runs were taken from the 
end of the last minimization step.  MD runs: (1) a 20 ps dynamics run was conducted to 
equilibrate the temperature of each system to 298 K; (2) 1 ns or 15 ns dynamics runs 
were conducted at constant temperature (298 K) and pressure (1 bar) to bring the systems 
solvated in water, DEDI, and CCl4 to their experimental densities (i.e., 0.99 g/ml, 0.75 
g/ml, and 1.59 g/ml, respectively); and (3) 20 ns production runs were performed for all 
model compounds in all solvents (i.e., 30 solute-solvent combinations, including 6 for 
MPA-G-OH/MPA-OH (syn)) at 298 K and 1 bar.  The trajectories of each solvation 
system were recorded every 20 ps during the production runs.  MD simulations were 
conducted using the Sander 8 program of the AMBER 8 suite, where the particle mesh 
Ewald (PME) method was used to calculate electrostatic contributions.  Periodic 
boundary conditions were imposed on every solvation box, and Newton's equations of 
motion were solved for all the molecules in the systems.  The SHAKE algorithm 
incorporated in AMBER 8 was applied to constrain the bond length involving hydrogen 
atoms.  The dielectric constant of the medium, ε, was fixed at 1.0, as the MD simulations 
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used all atom explicit solvent models, wherein the space between the molecules is a 
vacuum.  The calculations for Ewald sum and Van der Waals interactions were confined 
by an atom-based cutoff of 12 Å.  Both the temperature and pressure of the systems were 
maintained at 298K and 1 bar, respectively, by coupling the systems to an external 
thermal34 and pressure bath every 1.5 ps and 2.0 ps, respectively.  The molecular 
dynamics trajectories generated in the MD production runs were used to analyze the 
MPA-G-X conformations in the three solvents, and to calculate the total free energy for 
both the MPA-G-X and MPA-X series of compounds.  The MD simulations were 
performed on an HP Superdome and XC cluster at the University of Kentucky.  The AGT 
cluster at the same university was used for the initial testing of the solvation systems in 
the simulations.   
Calculations of Overall Free Energy 
The overall free energy G of a solute in a given solvent33  
nonpolarpolarernalernal GGTSEG ++−= intint    (Eq 5.1) 
reflects four energy components (internal energy, Einternal; intramolecular entropy, -
TSinternal; polar and nonpolar intermolecular free energies, Gp and Gnp).  This relationship 
neglects concentration terms that vanish when free energy differences between 
simulations were compared.  Einternal can be expressed as the sum of the bond, bond angle, 
torsion, van der Waals, and electrostatic components,  
elecvdwtorsanglebondernal EEEEEE ++++=int    (Eq 5.2) 
Einternal, as well as other components listed in Eq 5.2., were estimated using the program 
ANAL in AMBER 8, where each snapshot of the trajectories without solvent molecules 
was analyzed.  -TSinternal was obtained using NMODE35 in the MM-PB(GB)SA module of 
AMBER 8, wherein the snapshots of molecular configurations extracted from the 
trajectory files without solvent molecules were utilized.  In the NMODE calculations, 
conjugated gradient minimizations were performed for the initial coordinates of the 
extracted snapshots followed by Newton-Raphson minimizations until the root-mean 
squares of Cartesian elements of the gradient were less than 10-4 kcal/molÅ.  A distance-
dependent dielectric constant (ε = 4r) was used to calculate the internal entropies of a 
given molecule in the gas phase.  Gp was obtained from the generalized Born (GB) 
approach (MM-GBSA),36 where the solvent was treated as a continuum with a uniform 
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dielectric constant, ε.  The ε of water and CCl4 at 298K are 78.4 and 2.23, respectively.37  
The ε values of a series of alkanes from pentane to decane (i.e., 5 to 10 carbons) vary 
from 1.85 to 1.99 and their temperature dependence is minimal.38  The ε (20 °C) values 
of pentene and octene are respectively 2.02 and 2.08,39,40 both of which are 0.13~0.17 
unit higher than their alkane counterparts.41  If the contribution of each double bond to 
the overall dielectric constant is additive, then a value of 2.30 can be estimated for the ε  
of DEDI, which is close to that of CCl4.  Gnp can be calculated according to the 
expression of Gnp = γAnp, where Anp is the solvent accessible surface area of the solute, 
and γ is the effective surface tension of a given solvent.  The accessible surface areas, Anp, 
were computed using the LCPO42 approach in MM-GBSA, in which the solvent probe 
radius was set to 1.4 Å.  The reported free energy components (i.e., Einternal, -TSinternal, Gp, 
and Gnp) were calculated from the molecular configurations accumulated over the MD 
simulation production runs.  In summary, MD simulation runs were conducted in explicit 
solvents to obtain an ensemble of conformations for each solute, which were 
subsequently analyzed in the absence of solvent molecules or in implicit solvents (GB 
continuum solvents). 
 
Results 
Equilibration of DEDI Solvent Box 
A pure DEDI cubic box containing 285 molecules was equilibrated at 298K and 1 
atm.  At the end of the equilibration, the solvent box reached a density of 0.74 g/ml with 
a heat of vaporization of 39.7 kcal/mol.  The calculated density agrees with the 
experimental value of 0.75 g/ml,43 and the heat of vaporization matches another 
computational value of 38.9 ± 0.9 kcal/mol provided by Scifinder, which conducted the 
calculation using Advanced Chemistry Development (ACD/Labs) Software V8.14 for 
Solaris (1994-2006 ACD/Labs),44 though no experimental counterpart has ever been 
reported.   
Intramolecular Hydrogen Bonding in DEDI, CCl4, and Water 
Conformational changes in the model peptides (MPA-G-X) in DEDI, CCl4, and 
water were studied by monitoring the distance between the internal amide hydrogen and 
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the external carbonyl oxygen or between the terminal amide hydrogen or carboxyl 
hydrogen and internal carbonyl oxygen in a given peptide.  The potential intramolecular 
hydrogen bonds in MPA-G-X are depicted in Scheme 5.1.  Typical short and long-time 
evolution histories of the HB distance in MPA-G-X solvated in DEDI, CCl4, and water 
are depicted in Figures 5.1-5.5, Figures 5.11-5.15, and Figures 5.6-5.10, respectively.  
The calculated probabilities of C5 and C7 HBs in the MPA-G-X series of compounds 
using the same 2.5 Å cutoff in all three solvents are listed in Table 5.1 (a).   
Ramachandran Plots (Torsional Angles) for the Determination of Peptide 
Conformations 
The conformations of the model peptides are also described by two torsional 
angles (φ, ψ) around the α-carbon within an amino acid residue.  Figures 5.16-5.18 are 
the Ramachandran plots45 depicting the (φ, ψ) space for MPA-G-X in DEDI, CCl4, and 
water, which were extracted from the 20 ns MD trajectories with a sampling interval of 
20 ps.  The conformations/intramolecular HBs of a given peptide determined by sampling 
the two torsional angles are listed in Table 5.1 (a).  Other than the C5 and C7 HBs, 
Ramachandran plots also revealed the existence of PII and αR conformations for MPA-G-
X in water.   
Partial Atomic Charges in MPA-G-X/MPA-X Series of Compounds 
Scheme 5.1 shows the atomic numbering and potential intramolecular HBs in the 
MPA-G-X/MPA-X series of compounds.  As described in the experimental section, the 
ab initio calculations in this study were conducted at two different levels of HF/6-31G* 
and B3LYP/cc-pVDZ to obtain the partial atomic charges using RESP/AMBER for 
MPA-G-X and MPA-X in water and CCl4/DEDI, respectively.  The results are listed in 
Table 5.2.  
Radial Distribution Function for Peptide Hydration 
Radial distribution functions were calculated between the solute atoms of interest 
and oxygen or hydrogen atoms in water molecules, to a distance of 20 Å with a sampling 
step of 0.1 Å.  Shown in Figure 5.19 (left panels) are the radial distribution functions, 
gCO-HW(r) between various carbonyl oxygen atoms (C=O) in MPA-G-X (X = -OMe, -
NHMe, and –NMe2) and the hydrogen atoms (HW) in water molecules.  Similar plots for 
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gNH-OW(r) between the amide hydrogens (internal or on the C-terminus) or terminal 
carboxyl hydrogen in MPA-G-X and the oxygen atoms (OW) in the water molecules are 
presented in the panels on the right side of Figure 5.19.  The rdfs obtained for MPA-G-
OH (anti) and MPA-G-OH (syn) are depicted in Figure 5.20.  
Total Free Energy of MPA-G-X/MPA-X Series of Compounds in Water, DEDI, and 
CCl4  
The energy components listed in Eq 5.1 were obtained by processing the solute 
trajectory files generated in the three solvents using ANAL and MM-GBSA modules in 
AMBER 8. The results are presented in Table 5.3.  The MM-GBSA module also 
generated the nonpolar surface areas of the whole molecule (Anp) for a given solute.  The 
nonpolar surface area of the glycine residue (Anp_gly) was calculated by comparing Anp of 
MPA-G-X to Anp of its reference counterpart MPA-X.   
 
Discussion 
Anti and Syn Geometries of Carboxylic Acid Hydrogen in MPA-G-OH  
The -COOH groups of MPA-G-OH/MPA-OH can adopt two geometries, anti and 
syn, which are depicted in Scheme 5.2.  Evans and Rabenstein46,47 argued that the anti 
conformation of the terminal –COOH, when protonated, increases the trans population of 
sarcosine containing peptides through hydrogen bonding resulting in a higher pKa (less 
acidic).  Evans and Rabenstein also re-examined the NMR chemical shifts of C-terminal 
methylene protons  in a series of glycine containing peptides (ranging from acetyl glycine 
to polypeptides) and drew a similar conclusion: the anti conformation of terminal –
COOH should be dominant when protonated.47  The MD simulations, therefore, were 
initiated with the anti geometry of –COOH.  The simulations indicated the –COOH group 
was locked in the initial anti geometry in all three solvents, and never flipped to the syn 
conformation.  The lack of transition between anti and syn geometries raised a question 
about whether the sampling of conformations in MPA-G-OH/MPA-G-OH was complete.  
Nagy et al.48 studied the conformations of a series of carboxylic acids using ab initio 
calculations and discovered that in both polar and nonpolar environments the syn 
geometry is 7-10 kcal/mol lower than its anti counterpart.  Similar computational studies 
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conducted by other groups49,50 provide supportive evidence that the syn geometry of the –
COOH group is more energetically favorable in glycine.  Therefore, it was necessary to 
further investigate the solvation of MPA-G-OH, starting with the syn geometry in the 
three solvents.  The MDS procedures for MPA-G-OH/MPA-OH (syn) were identical to 
other compounds, and a total of six systems were studied for the two compounds in the 
three solvents.  Consequently, the MPA-G-OH/MPA-OH series of compounds were 
treated as two sets of compounds, anti and syn.  The MDS results obtained for the two 
pairs are presented separately in different figures and tables.   
Peptide Conformations in DEDI, CCl4, and Water Determined by HB Distances 
Conformational changes of the model peptides (MPA-G-X) in DEDI, CCl4, and 
water were monitored by tracking both the distance between certain atoms in a given 
peptide and the time duration for a compound to flip between the folded and stretched 
conformations.  The potential intramolecular HBs in the MPA-G-X series of peptides are 
depicted in Scheme 5.1.  
Figures 5.1-5.5 illustrate typical short and long-time frame simulation histories of 
various distances in MPA-G-X solvated in DEDI.  In these figures, several distinct 
patterns can be identified.  (1) The rN(1)H…O(2) distance (internal –NH and terminal 
carbonyl oxygen) varied from 2.0 to 4.0 Å, and the predominant distribution of the 
distance in the MPA-G-X series of peptides [except MPA-G-OH (anti)] fell within 2.5 Å 
indicating the presence of C5 intramolecular hydrogen bonded species.  Although the 
commonly used cutoff for defining the formation of HB is 3.451 or 3.352 Å, C5 is a unique 
type of HB due to the proximity and geometry between the two atoms involved in the HB, 
and therefore requires a customized cutoff to estimate the probability of C5 HB.  
Torsional angles of MPA-G-NMe2 solvated in DEDI (Figure 5.16) show four condensed 
regions (±165 ± 15°, ±165 ± 15°), which correspond to C5 intramolecular HBs.  The 
corresponding probability of MPA-G-NMe2 appearing in these four regions was 
determined as 0.85.  A similar probability of the C5 HB in MPA-G-NMe2 in DEDI was 
generated using a cutoff of 2.5 Å, which is visually obvious in Figure 5.2, and 
accordingly, this distance is defined as the cutoff for C5 HB.  For easier comparisons 
among all model compounds, this distance was applied universally to calculate the 
probability of C5 HB.  The universal cutoff of C5 HB may induce some arbitrariness in 
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the calculations for HB probability, but as long as the same standard is used for all model 
compounds, the results should be meaningful and comparable.  (2) In Figure 5.2, MPA-
G-NMe2 spends a prolonged period of time in the C5 conformation at a shorter average 
distance (~2.2 Å) and takes almost 0.5 ns to finish one transition.  In Figure 5.5, however, 
MPA-G-OMe displays a more flexible structure, with a longer average distance of 2.5 Å 
for the C5 conformation and a shorter transition time of 0.05 ns.  The C5 conformation in 
MPA-G-NHMe (Figure 5.1) falls between these two extremes at an average distance of 
2.5 Å and completes a transition every 0.2 ns.  C7 HBs in both MPA-G-OMe and MPA-
G-NMe2 were not considered, because both compounds are fully substituted at the C-
termini and cannot form a C7 HB.  (3) In MPA-G-NHMe, the distance between the 
terminal -NH and inner C=O (rO(1)…HN(2) and rO(1)…HO) varied from 1.8 to 5.5 Å.  Again, 
the most probable distance is less than 2.5 Å, which was chosen as the cutoff for the C7 
conformation.  MPA-G-NHMe resides in the C7 conformation for a relatively short time 
with a transition time of 0.2 ns compared to MPA-G-OH, which has an average transition 
time of 1.5 ns.  Moreover, the average HB distance (2.5 Å) for the C7 conformation in 
MPA-G-NHMe is longer than that (2.0 Å) in MPA-G-OH (anti).  C5 and C7 
conformations coexist in MPA-G-NHMe, and it is evident in the short time frame 
simulation (right panel, Figure 5.1) that the transition between C7 and C5 is highly 
coordinated, suggesting MPA-G-NHMe takes either a C5 or C7 conformation in DEDI 
and the fully stretched conformation is minimal.  (4) Unlike other MPA-G-X series of 
peptides, MPA-G-OH (anti) predominantly prefers the C7 conformation (Figure 5.3) in a 
nonpolar environment (DEDI).  However, MPA-G-OH (syn) does not form C7 HB at all 
in DEDI, which is contrary to MPA-G-OH (anti) (Figure 5.4).  Instead, MPA-G-OH (syn) 
favors the C5 HB and the corresponding probability (40%, listed in Table 5.1) is almost 
identical to that of MPA-G-OMe in DEDI.  Such profound differences between MPA-G-
OH (syn) and MPA-G-OH (anti) suggest that our MDS production runs might not have 
been sufficiently long to observe the transition between these two geometries due to the 
energy barrier between them.  (5) Within 20 ns, all model compounds performed multiple 
transitions between folded and stretched conformations, indicating a complete sampling 
of conformations (except for the syn and anti geometries of terminal –COOH, and the cis 
and trans conformations of peptide amide bonds).   
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Figures 5.11-5.15 illustrate the short and long-time frame simulation histories of 
various interatomic distances in MPA-G-X peptides solvated in CCl4.  Since the results 
obtained from CCl4 are very similar to those from DEDI, they are not discussed in detail.  
The calculated probability of C5 and C7 HBs in MPA-G-X peptides solvated in DEDI and 
CCl4 are listed in Table 5.1.   
Compared to their behavior in organic solvents (DEDI and CCl4), the distances 
between the terminal amide NH (or carboxyl –OH) and the internal carbonyl oxygen in 
MPA-G-X in aqueous solution (Figures 5.6-5.14) are significantly scattered in the MPA-
G-X series of peptides.  The cutoff for an intramolecular HB was set to 2.5 Å, the same 
as that in DEDI/CCl4. The corresponding probabilities of HBs in each MPA-G-X 
compound are also listed in Table 5.1.  For MPA-G-NHMe in water (Figure 5.6), the 
most probable rO(1)...HN(2) is around 5 Å with little chance to get closer than 2.5 Å 
suggesting that the C7 HB almost disappears in water (5%), which is a significant 
decrease compared to that in DEDI/CCl4 (38%).  In the same compound, the distribution 
of C5 HB (25%) is still substantial and the rN(1)H…O(2) distance is less than 2.5 Å for a 
prolonged period of time.  Moreover, the time to fulfill one transition between C5 HB and 
stretched conformation also drops from 0.2 ns to 0.1 ns, and the cooperativity of the 
transition between C5 and C7 conformations, as identified in DEDI, also disappears in 
water (right panels, Figure 5.1).   For MPA-G-NMe2 in water (Figure 5.7), the results of 
rN(1)H…O(2) indicate that the formation of C5 HB is still obvious (48%), while the transition 
time drops from 0.5 ns to ~0.1 ns.  As shown in Figure 5.8, MPA-G-OH (anti) forms only 
a limited amount of C7 HB in water (8%), which is a significant drop compared to that in 
DEDI/CCl4 (98%).  Surprisingly, in the same figure, the results of rN(1)H…O(2) reveal the 
existence of C5 HB (6%) of MPA-G-OH (anti) in water, which is absent in DEDI/CCl4.  
In MPA-G-OH (syn), the percentage of C5 HB (8%) also drops significantly compared to 
that in DEDI/CCl4 (~40%) and C7 HB is still absent in water (Figure 5.9).  Overall, the 
intramolecular HBs in MPA-G-OH (syn) in water display flexibility that is comparable to 
other compounds.  Figure 5.10 presents the distribution of rN(1)H…O(2) for MPA-G-OMe in 
water, in which a more random pattern can be observed and the C5 HB is still detectable 
(11%).   
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Overall, the C7 and C5 HBs in the MPA-G-X series of peptides that dominate in 
DEDI/CCl4 decrease significantly in water, resulting in increased conformational 
flexibility. Nonetheless, the C5 and C7 intramolecular HBs do not disappear completely in 
water.   
Peptide Conformations in DEDI, CCl4, and Water by Tracking Torsional Angles 
In addition to enabling the distance between H-bonded atoms to be monitored, 
Ramachandran plots45 provide another means to study the conformations of model 
peptides by visualizing two torsional angles (φ, ψ) around the α-carbon within an amino 
acid residue in a two dimensional map.  Figure 5.16 depicts the (φ, ψ) contour for MPA-
G-X in DEDI, wherein every data point was extracted from the corresponding 20 ns MD 
trajectories with a sampling interval of 20 ps.  Unlike other amino acids, glycine is 
unique in that it has a non-chiral α-carbon due to the absence of side chains.  Given that 
the MPA-G-X series of peptides contain only this amino acid residue and lack 
interactions with other chiral centers, the plots reveal some unusual symmetry patterns in 
the torsional angle distributions of every model compound.  For MPA-G-OMe and MPA-
G-NMe2 in DEDI, the plots clearly reveal four regions, all of which are associated with 
C5 conformations (Figure 5.16).  The most favorable torsional sets (φ, ψ) for C5 
conformation in MPA-G-OMe and MPA-G-NMe2 are (-165 ± 15°, 165 ± 15°), (165 ± 
15°, 165 ± 15°) and their imaging positions in the plots.  Similar to the trend shown in the 
distance of C5 HB, the torsional angles of MPA-G-NMe2 are more compact and 
concentrated in four narrow regions than their counterparts in MPA-G-OMe, indicating a 
higher probability of C5 HBs in MPA-G-NMe2.  For MPA-G-OH (anti), two distinct 
symmetric regions that correlate with the C7 conformation are discernible in Figure 5.16.  
In these regions, the C5 conformation is absent, in agreement with the previous HB 
distance results.  For MPA-G-NHMe, both C5 and C7 conformations are present, 
matching the HB distance results.  From these plots, the torsional angles for C7 
conformation were determined to be -85 ± 25°, 65 ± 35°.  Similar to the conclusions from 
an analysis of HB distances, the studies of torsional angles reveal that MPA-G-OH (anti) 
and MPA-G-OH (syn) only form C7 and C5 hydrogen bonded conformations, respectively. 
Transitions between the two geometries were not observed throughout the 20 ns MD 
simulation runs.  Indeed, the probability of the C5 HB in MPA-G-OH (syn) is comparable 
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to that in MPA-G-OMe.  Figure 5.18 shows the (φ, ψ) space of MPA-G-X in CCl4. The 
corresponding results are similar to those obtained in DEDI, and thus are not discussed in 
detail.   
 Figure 5.17 depicts the (φ, ψ) space for MPA-G-X in water, which was plotted by 
processing the corresponding MD trajectories using the same method described in the 
previous section.  In Figure 5.17, all MPA-G-X compounds show a scattered distribution 
of torsional angles compared to the more concentrated ones in DEDI or CCl4, suggesting 
more flexibility in the conformational space available to MPA-G-X peptides in water, 
which agrees with the conclusions obtained from the analysis of intramolecular HB 
distances in the same series of peptides.  Other than the C5 and C7 intramolecular HBs, 
Ramachandran plots also reveal two additional conformations, PII (-95 ± 25°, 165 ± 15° 
and their imaging angles)53,54 and αR (-90 ± 25°, -40 ± 40° and its imaging angles)55, as 
local energy minima.  Notably, these two conformations do not exist in MPA-G-X 
peptides solvated in DEDI or CCl4.   
Intramolecular HB (Conformations) in MPA-G-X and the Glycine Residue 
Contribution to the Transfer Free Energy  
Both MD simulations and FTIR experiments (in the previous chapter) have been 
conducted in CCl4, providing a chance for direct comparison between the results obtained 
by the two approaches.  As discussed in the previous chapter, the FTIR experiments have 
determined the probability of C5 HB in MPA-G-OMe (54%) and MPA-G-NMe2 (82%) at 
25 ºC in CCl4.  They are close to the corresponding MDS values, 43% and 86% (listed in 
Table 5.1), indicating that the all-atom parm99 force field in Amber8 can accurately 
predict the hydrogen bonding or conformational distributions for model peptides in CCl4 
without the need of scaling the partial atomic charges for MPA-G-X peptides.  Such 
agreement between the two techniques gives confidence in the MDS predictions for 
intramolecular HB and conformation distributions in DEDI and water, which are hard to 
obtain experimentally.   
Our exhaustive efforts in characterizing the MPA-G-X series of peptides in 
various solvents using MD simulations and FTIR methods (applied in the previous 
chapter) have clearly shown that the intramolecular hydrogen bonding and 
conformational preferences are complex.  Specifically, (1) the experimental and 
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computational results demonstrate that the intramolecular hydrogen bonding interactions 
are highly solvent dependent, which is often referred to the “chameleon effect”;56,57 (2) 
the probability of C5 HB in MPA-G-OMe is significantly lower than that in MPA-G-
NMe2, indicating the ester C-terminus can decrease the hydrogen accepting ability of the 
terminal carbonyl oxygen atom, wherein both compounds are fully substituted and allow 
only an intramolecular HB between the amide –NH in the glycine residue and the 
terminal carbonyl oxygen.  This conclusion is also supported by the work conducted by 
Kelly et al.,58 who perturbed the backbone of the PIN WW domain, a stranded β-sheet 
protein, by replacing an amide bond with an ester while preserving the stereochemistry.  
They demonstrated the changes in the backbone conformations were primarily 
determined by the lower ability of the ester functional groups to accept a hydrogen 
bond.59-65  Due to the coexistence of both C5 and C7 HBs in MPA-G-NHMe, a direct 
comparison of the contribution of intramolecular HBs between MPA-G-OMe/MPA-G-
NMe2 and MPA-G-NHMe is difficult.  (3) The contributions of an isolated peptide 
backbone amide group and isolated glycine residue to the free energy of peptide transfer 
from water to an organic solvent environment were determined in the previous chapter 
using nonlinear regression analyses of the partition and permeability coefficients of a 
series of peptides or peptide-like organic compounds using a newly developed LFER 
model.  A significant feature of the new LFER model is the incorporation of i+1 polar 
residue/C-terminus correctional terms to account for the observed nonadditive ∆(∆G°)-
CONH- across DOPC bilayers or partitioning between DEDI and water.  The corresponding 
experimental contributions of glycine residue/isolated peptide backbone amide and the 
correctional terms, which were obtained in Chapter 3, are listed in Table 1 (b) and (c).  
As discussed in the above sections, the formation of intramolecular HB, C5 and C7 HBs 
or both is every extensive in all MPA-G-X series of peptides regardless of –X in nonpolar 
organic solvents (DEDI/CCl4).  Such observations, combined with significant i+1 polar 
residue/C-terminus (-X) free energy correctional terms, indicate the formation of 
intramolecular HB may compensate, at least partially, for the energy penalty associated 
with the transfer of the peptide backbone into the hydrocarbon chain region of lipid 
bilayers or from water to organic solvents.  More importantly, the newly determined 
distribution of C5 and C7 intramolecular HBs in MPA-G-X (X = -OMe, -NHMe, -NMe2) 
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agrees with the trend revealed in the nonadditive ∆(∆G°)-CONH-, ∆(∆G°)gly, and i+1 polar 
residue/C-terminus correctional energy terms (Δ(ΔG°)corr).  This supports the hypothesis 
that a higher probability of an intramolecular HB correlates with a lower energy penalty 
for peptide backbone amide transfer into lipid bilayers.  Specifically, 85% and 41% C5 
HB in MPA-G-NMe2 and MPA-G-OMe, respectively, relate to Δ(ΔG°)gly of 2.4 kcal/mol 
and 4.3 kcal/mol or to Δ(ΔG°)corr of -3.4 and -1.8 kcal/mol associated with –CONMe2 and 
–COOMe C-termini.  For MPA-G-NHMe in DEDI, both C5 and C7 coexist, and the total 
probability of the two HBs is near 100%.  The corresponding Δ(ΔG°)gly and Δ(ΔG°)corr 
for –CONHMe in MPA-G-NHMe are 3.1 and -2.7 kcal/mol.  Such results not only agree 
with the FTIR results, in which the distribution of C5 HB in MPA-G-OMe and MPA-G-
NMe2 were determined, but also suggest the contributions to the transfer free energy for a 
glycine residue embedded in the more hydrogen bonded compounds, such as MPA-G-
NHMe and MPA-G-NMe2, are usually smaller than those in a less H-bonded compound, 
such as MPA-G-OMe.  This correlation is qualitative/semi-quantitative, since no 
information can be obtained to directly compare the contribution of different species of 
intramolecular HB (C5 and C7) to Δ(ΔG°)-CONH- or Δ(ΔG°)gly.  In addition, the situation is 
more complicated for MPA-G-OH since the current MDS studies cannot determine 
which geometry (syn or anti) of –COOH is dominant.  If the syn geometry of –COOH 
prevails, then the intramolecular HB formation in MPA-G-OH is nearly identical to that 
of MPA-G-OMe and supports the intramolecular HB hypothesis since the ∆(∆G°)gly 
associated with –OMe and –OH C-termini (obtained from the CCl4/water or DEDI/water 
partition coefficients) are close to each other.  Conversely, if the anti –COOH geometry 
is dominant in MPA-G-OH, the probability for C7 HB is comparable to that for C5 HB in 
MPA-G-NMe2, or the total probability of C5 and C7 HB in MPA-G-NHMe, while 
∆(∆G0)gly in MPA-G-OH is significantly higher than those obtained for the latter two 
compounds, opposite to the trend suggested by the HB probabilities.  Similar 
comparisons of Δ(ΔG°)corr associated with –COOH(syn and anti)/-COOMe, -CONHMe, 
and –CONMe2 C-termini to the calculated C5 and C7 HB in MPA-G-X series of 
compounds also revealed that the anti geometry in MPA-G-OH is against the trend found 
in Δ(ΔG°)corr and thus conflicting with the intramolecular HB hypothesis.   
Influence of Electrostatic Interactions on the Proximity Effect 
 
151
Electrostatic interactions/inductive effects are also considered to be important in 
determining the thermodynamic properties of various peptides in both polar and nonpolar 
solvents, and may explain the proximity effects in the previous studies.  The neighboring 
residue effect on the backbone conformation was discovered by Penkett et al.66 from 
measurements of 3JHNα coupling constants.  Baldwin et al.3 suggested that for a series of 
Ac-A4-X-A4-NHMe peptides, this effect could be attributed to the electrostatic solvation 
free energy (ESF) resulting from the interaction between water molecules and the partial 
charges on the peptide NH and CO groups.  
In order to conveniently compare the partial charges of various polar functional 
groups or fragments in different solutes, the structures of MPA-G-X/MPA-X were 
rearranged to mpa-gly-COX/mpa-COX, where MPA = mpa + >CO; mpa = 
CH3C6H4CH2-; and gly = -CONHCH2-.  This rearrangement is depicted in Scheme 5.3.  
Specifically, the inserted glycine residue (-G-), -NHCH2CO-, can be considered 
equivalent to -CONHCH2- (-gly-), and other functional groups are rearranged 
accordingly.  Therefore, MPA-G-X/MPA-X and mpa-gly-COX/mpa-COX (depicted in 
Scheme 5.3) are structurally identical, and the only difference between them is how the 
fragments are defined.  The partial charges of the mpa-gly-COX/mpa-COX (or MPA-G-
X/MPA-X) series of compounds for polar (water) and nonpolar solvents, respectively, 
were obtained at two levels of ab initio calculations, HF/6-31G* for water and 
B3LYP/cc-pVTZ for DEDI and CCl4, combined with the RESP/AMBER method (Table 
5.2).  From this table, three major conclusions can be drawn: (1) In a given solvent, the 
partial charges of mpa- functional units in all mpa-gly-COX/mpa-COX compounds are 
very close to each other; (2) The variations in charge distributions of the C-terminal 
functional groups (-COX:  –COOH, -COOMe, –CONHMe, and –CONMe2) are very 
significant and this observation is consistent in both polar and nonpolar solvents.  
Furthermore, in one pair of mpa-gly-COX/mpa-COX compounds, the partial charges of 
the atoms in the same –COX group are close to each other.  (3)  In a given solvent, the 
partial charges of the atoms in the –gly- residue are close to each other regardless of the 
neighboring –COX groups.  More specifically, variations in the C-terminal –COX groups 
do not affect the calculated backbone charge distributions, and the calculated charge 
distributions of mpa-, -gly-, and –COX are independent of their neighbors.  Such 
 
152
conclusions are in line with the Flory theory,67,68 which assumes that the conformation of 
a given functional group, such as the peptide backbone amide, within a molecule is 
independent of its neighboring groups suggesting a minor role of partial charge effects in 
∆(∆G°)-CONH-.  However, caution should be exercised when applying the Flory theory, 
since its validity has been challenged by numerous studies.3,4,69 It was found to be less 
reliable when the electrostatic solvation free energy (ESF) was characterized for 
neighboring amino acid residues.3,4  In all mpa-gly-COX/mpa-COX series of compounds, 
the only significant difference in the charge distributions comes from –COX.  However, 
when comparing the bilayer permeability or water/organic solvent partition coefficients 
of mpa-gly-COX to its reference counterpart, mpa-COX, the variations in transfer free 
energy caused by the corresponding electrostatic interactions between the polar 
functional groups (-COX) and solvent molecules are likely cancelled in the data 
processing.  This result combined with the fact that the charge distributions of the atoms 
in the other two functional groups (mpa- and –gly-) do not vary suggests that the 
electrostatic interactions in the absence of polarization due to HB formation may not be 
the main reason for the proximity effects.  Although Avbelj et al. have emphasized the 
role of partial charges in explaining neighboring group effects on the peptide backbone 
contribution to the transfer free energy, another important conclusion was also drawn in 
the same studies4,5,70 that the partial charge effect of neighboring polar groups causes 
significant conformational changes in the peptides of interest leading to different 
solvation of the peptide backbone amide or amino acid residues.  These conclusions 
combined with our evidence indicate that there may not be a clear boundary between the 
partial charge effect and intramolecular HB effect in the process of peptide solvation.  
Instead, the partial charges of neighboring polar functional groups might exert their 
effects on peptide transfer across a membrane through the formation of intramolecular 
HBs, and thus the intramolecular HB/conformation effect and partial charge effect are 
intertwined to a certain degree.   
The partial charge hypothesis can also be tested using radial distribution functions, 
which allow one to examine the water shells formed around a given atom in the MPA-G-
X solutes by monitoring the appearance probability of an H or O atom of a water 
molecule at a certain distance from the solute atom.  Due to hydrogen bond formation 
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between water molecules and a carbonyl oxygen or an amide group in a given solute, the 
rdfs of two specific pairs of atoms: NH…OW (amide H and water O) and O…HW 
(carbonyl O and water H) were chosen to study, and the results are presented in Figure 
5.19.  In the figure, a clear pattern can be observed from gO—HW(r) (between a carbonyl 
oxygen and water hydrogens) that the gmax values for MPA-G-OH and MPA-G-OMe 
(1.0~1.4) are lower than those for MPA-G-NHMe and MPA-G-NMe2 (1.2~1.6).  
Moreover, for all MPA-G-X compounds, the internal carbonyl oxygens have a higher g(r) 
than the outer carbonyl groups.  The maximum locations and the most probable positions 
of the hydration shells around the carbonyl oxygens are fairly close to each other among 
all MPA-G-X compounds (rmax = 1.78-1.87 Å).  Contrary to gO--HW(r), gNH—OW(r) are 
weaker (gmax = 0.5-0.8), and the maximum positions of the water shells around the amide 
NH shift outward (rmax = 2.0-2.3 Å) suggesting that water molecules form stronger 
hydrogen bonds with the carbonyl oxygens than with the amide NH hydrogens in the 
model compounds.  The rdfs of MPA-G-OH (syn) in water are depicted in Figure 5.18. 
There is no significant difference between MPA-G-OH (syn) and MPA-G-OH (anti) in 
terms of the water shell formation around the polar functional groups.  Some 
experimental techniques, such as X-ray and NMR (reviewed by Baker EN et al.71), 
generated conclusions similar to this study: hydrogen atoms in water molecules tend to 
form hydrogen bonds with oxygen atoms in carbonyl groups at the surface of proteins.  
However, the radial distribution functions do not reveal substantial variations in the 
solvation behaviors of the carbonyl groups or amide NH groups in the MPA-G-X series 
of compounds, since both the gmax and rmax for each group show small differences despite 
the variations in i+1 polar residue/C-terminus (–X), thereby indicating a minor effect of 
partial charges on the solvation of peptides in water.  One theory applicable to solute 
transfer between two immiscible condensed phases72,73 suggests that the transfer free 
energy of a given peptide or peptide-like solute should be determined by its desolvation 
energy upon removal from the water phase.  The results obtained in attempting to account 
for the neighboring group effects of the free energy contribution of a backbone amide did 
not support such a hypothesis, since the water shells formed around the amide and 
carbonyl groups are strikingly similar regardless of the C-termini (-X)/i+1 polar residues.  
This indicates that either the desolvation may also be similar for all MPA-G-X 
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compounds in water or that the methods currently employed in MD simulations do not 
adequately capture such effects.  As ∆(∆G°)gly associated with various C-termini (-X) has 
been determined, and found to be drastically different within the MPA-G-X series of 
peptides, a more reasonable source of the observed nonadditive ∆(∆G0)gly is the self-
solvation of the peptides/peptide-like compounds in nonpolar environments, such as 
DEDI, CCl4, and the barrier domain of bilayers.  This conclusion is also supported by the 
observation in the previous chapter that the corresponding nonadditivity of ∆(∆G0)gly 
significantly decreases when using 1-octanol/water partitioning data.  Octanol, like water, 
is a polar solvent and well-known to form hydrogen bonds with solutes.  Combining this 
with the evidence that the partial charges of glycine residues (-gly-) are similar despite 
their neighboring –COX groups, we posit that electrostatic interactions may not be the 
major reason for the observed proximity effects.   
The rdfs for the polar functional groups of interest in the organic solvents were 
not studied since CCl4 and DEDI molecules cannot form hydrogen bonds with the solutes, 
and the interactions between solute and solvent atoms should be more random.   
Peptide Solvation in DEDI, CCl4, and Water 
Shown in Table 5.3, the internal entropies (-TSinternal) are almost independent of 
the solvent for any given solute due to the fact that the environment around a given solute 
is fixed as the gas phase in NMODE/amber calculations.  The difference of Einternal for 
each compound obtained in organic and aqueous solutions falls within the range of 1~3 
kcal/mol, and the values of Einternal generated in DEDI and CCl4 are comparable to each 
other.  As the absolute partial charges of the polar groups decrease, electrostatic internal 
energies also decline when solutes (MPA-G-X/MPA-X) transfer from aqueous solution to 
organic solvents.  The only exceptions are MPA-G-OH and MPA-NMe2, which show an 
opposite trend.  Due to the limitations of the built-in functions in the Amber suite, the 
estimates for internal energy and the internal entropy are very close to each other 
regardless of the organic solvents.  Also, as noted in Table 5.3, the standard deviations of 
Einternal and Eele are significant, ranging from ~ 1.0 to ~4.0 kcal/mol.   
 The solvation energy of a given MPA-G-X/MPA-X (solvent-solute intermolecular 
interactions) is comprised of two components, Gnp (nonpolar) and Gp (polar).  Listed in 
Table 5.3, the Gp value was directly calculated using the generalized Born (GB) method 
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in MM-PB(GB)SA, while the Gnp values were obtained from the solute’s accessible area 
(Anp)74 according to the relationship of  npnp AG γ= , where γ is the surface tension of a 
given solvent.  An alternative relationship obtained from the transfer across bilayers or 
partitioning experiments adopts a similar form of npnpnp AG σ= ,
75-77 where σnp is the 
nonpolar solvation parameter for transferring a given solute from water to various organic 
solvents or into the barrier domain within bilayers.  The two parameters can be related by 
a relationship: worgnp γγσ −= , where γorg is the surface tension of a given organic solvent, 
and the surface tension of water, γw, is equal to 7.2 cal/mol/Å2.78  Our previous work79 
reported a σnp of -21.3 cal/mol/Å2 for transferring a given polar solute from water to 
DEDI or the barrier domains within DOPC/eggPC bilayers.  Thus the γorg of DEDI can be 
determined as -14.1 cal/mol/Å2.  Studies from other labs and ours75 79-84 suggest a range 
from -19 to -25 cal/mol/Å2 for σnp for polar solute transfer from water to a variety of 
nonpolar (DEDI or the barrier domain of bilayers) and relatively polar (1-octanol) 
environments.  For very polar environments, such as the water-like interfacial region of 
phospholipid bilayers, Wimley et al.84 reported a σnp of -13.9 cal/mol/Å2.  Therefore, the 
higher end (-19 cal/mol/Å2) of σnp for the organic solvents was adopted for CCl4, since 
CCl4 is a polarizable solvent.  As a consequence, the surface tension of CCl4 is derived as 
-12 cal/mol/Å2.  This value is in line with Xiang and Anderson’s estimate,33 based upon 
the work reported by DeYoung et al.85  The total nonpolar surface area Anp of each solute 
and Anp_gly of glycine residues are listed in Table 5.3.  The values for Anp_gly agree with 
our previous estimations (35 ± 4 Å2 for glycine).79  The nonpolar intermolecular 
contributions, Gnp, were subsequently calculated based upon γorg, γw, and Anp.  The results 
are listed in Table 5.3.   
In Table 5.3, the solute-solvent electrostatic interactions, Gp, are highly favorable 
for the solvation of all model compounds in water.  As expected, the Gp obtained in 
DEDI and CCl4 are similar to each other, since both solvents possess similar dielectric 
constants, which is a critical parameter in the GB continuum solvent model.  This 
observation is consistent with the report by Ben-Naim et al.,86 which found the hydrogen 
bonds between protein and solvent contribute most to the free energy of solvation.  
Contrarily, in organic solvents, the nonpolar component (Gnp) is generally more 
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important than Gp, except for MPA-OH (syn and anti) and MPA-G-OH (syn and anti).  
For MPA-G-OH (syn) in water, the polar solvation energy component, Gp, is 
considerably less negative than that of MPA-G-OH (anti) (-15.2 vs. -21.0 kcal/mol).   
Total Free Energy Estimated with MD Simulation Approach 
The contribution of a glycine residue to the total free energy in a given solvent 
was calculated by comparing the corresponding total free energy of MPA-G-X with that 
of MPA-X in the same solvent.  Subsequently, the glycine residue contribution to the 
transfer free energy, Δ(ΔG°)gly, was obtained by comparing the total free energy 
contribution in the two solvents (e.g. water  DEDI).  No overall or transfer free 
energies are presented in the current study, as our calculations failed to reveal any 
meaningful trend relative to the experimental Δ(ΔG°)gly values between water and 
organic solvents.  The ability of the AMBER force field combined with the GB 
continuum solvent model to predict peptide transfer free energy is undermined by the 
large standard deviations, according to Eq 5.1, which originates mainly from Einternal and 
Ep, as listed in Table 5.3.   
Overall, due to the intrinsic limitations of the MD simulations, i.e., large standard 
deviations and the uncertain accuracy of the force field, the MD simulations were not 
used to predict the energy contributions associated with transferring a glycine residue 
from water to various organic solvents or the barrier domain of bilayers.   
 
Conclusion 
Extensive investigations for a series of MPA-G-X compounds using MDS along 
with FTIR in the previous chapter demonstrated that the formation of intramolecular HBs 
and the accompanying conformations in MPA-G-X are C-terminus (-X) and solvent 
dependent.  The probabilities of C5 HBs in MPA-G-OMe/MPA-G-NMe2 obtained in the 
MD simulations agree with the values generated in the FTIR experiments, demonstrating 
the ability of the force fields used in AMBER 8 to provide useful conformational 
information for small peptides in organic solvents.  In addition, the intramolecular HB 
probabilities in the MPA-G-X series of peptides, if MPA-G-OH (anti) is not considered, 
qualitatively correlated with the nonadditive Δ(ΔG°)gly or Δ(ΔG°)-CONH- associated with 
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various C-termini/i+1 polar residues in the new LFER model developed in chapter 3.  
This favors the intramolecular HB hypothesis as the explanation for the observed 
nonadditive glycine residue contributions to the transfer free energy.  An analysis of the 
partial charges of the MPA-G-X/MPA-X series of compounds obtained from the MD 
simulations did not support the inductive effect hypothesis.  The MD simulations did not 
generate quantitatively reliable Δ(ΔG°)gly for a series of MPA-G-X/MPA-X compounds 
transferring from water to either DEDI or CCl4.  The blocking effects of the residue side 
chains on the solvation of the peptide backbone was not studied due to the absence of 
side chain in gly residue, which may limit the application of our conclusions.  Owing to 
the very short length of MPA-G-X peptides, the analyses for the intramolecular HB effect 
on the glycine contributions to the transfer free energy in MPA-G-X were limited to short 
range HBs species, such as C5 and C7, while the contributions of the more commonly 
observed long range intramolecular HBs (C10 and C13) could not be evaluated.  
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Scheme 5.1  Structures, numbering of atoms, and possible intramolecular hydrogen bonds 
in MPA-G-X and MPA-X.  From the top to the bottom (Left/Right) are MPA-OH/MPA-
G-OH, MPA-OMe/MPA-G-OMe, MPA-NHMe/MPA-G-NHMe, and MPA-NMe2/MPA-
G-NMe2. 
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Scheme 5.2. Syn (top) and anti (bottom) geometry of –COOH group in MPA-G-
OH/MPA-OH.  
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Scheme 5.3.  MPA-G-NMe2/MPA-NMe2 vs. mpa-gly-CONMe2/mpa-CONMe2 
(MPA = CH3C6H4CH2CO-; -G- = -NHCH2CO-; mpa = CH3C6H4CH2- ; -gly- = -
CONHCH2-) 
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Table 5.1. (a) Probability of Various Conformations (φ, ψ)a and Intramolecular HBs in 
MPA-G-X Series of Peptides.   
Peptide (MPA-G-
X) 
HBs or 
conformations 
Water DEDI Carbon 
tetrachloride 
MPA-G-OH N(1)H…O(2) C5 0.06 (0.08) c         (0.40) c        (0.42) c 
 O(1)…HO C7 0.08  0.98  0.99 
 (φ, ψ) C5 0.12 (0.18) c         (0.44) c         (0.44) c 
 (φ, ψ) C7 0.07  0.97  0.98 
 (φ, ψ) PII 0.12 (0.17) c   
 (φ, ψ) αR 0.08 (0.04) c   
MPA-G-OMe N(1)H…O(2) C5 0.11 0.41 0.43 (0.543)d 
 (φ, ψ) C5 0.15 0.42 0.43 
 (φ, ψ) PII 0.16   
 (φ, ψ) αR 0.06   
MPA-G-NHMe N(1)H…O(2) C5 0.25 0.41 0.35 
 O(1)…HN C7 0.05 0.38 0.36 
 (φ, ψ) C5 0.31 0.42 0.38 
 (φ, ψ) C7 0.04 0.37 0.40 
 (φ, ψ) PII 0.17   
 (φ, ψ) αR 0.07   
MPA-G-NMe2 N(1)H…O(2) C5 0.48 0.85 0.86 (0.82)d 
 (φ, ψ) C5 0.54 0.86 0.87 
 (φ, ψ) PII 0.23   
 (φ, ψ) αR    
a (φ, ψ) C5 : -165 ± 15º , 165 ± 15º (and its imaging angles); (φ, ψ) C7 : -85 ± 25º , 65 ± 35º (and its imaging 
angles); (φ, ψ) PII : -95 ± 25º , 165 ± 15º (and its imaging angles); (φ, ψ) αR : -90 ± 25º , -40 ± 40º (and its 
imaging angles); b Having a distance less than 2.5 Å for both C5 and C7.  c Results obtained from MPA-G-
OH (syn). d Probability determined by FTIR. 
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(b) Glycine Residue Contribution to the Free Energy of Transfer from Water to CCl4, 
1,9-Decadiene with Various C-Termini.  All Data were Obtained at 25 °C. 
 
Model compounds 
Intramolecular HB 
species and probability 
∆(∆G0)gly (cal/mol) 
∆(∆G0)gly  
(cal/mol) 
MPA-G-X/MPA-X in CCl4 or DEDI (MDS) a CCl4/water 
1,9-
decadiene/water 
c 
MPA-G-OH/MPA-OH 
C7 (98%, anti) or  
C5 (40%, syn) 
3806 ± 96 4102 ± 85 
MPA-G-OMe/MPA-OMe C5 (43%) 3305 ± 85 4257 ± 23 
MPA-G-NMe2/MPA-NMe2 C5 (86%)   1845 ± 104 2385 ±18 
MPA-G-NHMe/MPA-NHMe   C5 (38%) and C7 (41%) 1662 ± 19  3105 ± 53 
Hypothetical isolated gly (HB 
free) 
N/A N/A             6185 b 
The experimental ∆(∆G0)gly are from chapter 3.  a Since the results obtained in CCl4 and DEDI are very 
similar, only the CCl4 results are presented in the table as the representative.  b Generated in the chapter 3 
using the new LFER approach.  c 1,9-decadiene shares similar chemical selectivity as the barrier domain in 
DOPC/eggPC bilayers.   
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(c) Probability of Intramolecular HBs in MPA-G-X Peptides vs. i+1 Neighboring Residue 
(C-terminus) Corrections for Peptide Backbone.  All Data were Obtained at 25 °C. 
 
adjacent C-terminus 
(i+1) residue 
Intramolecular HB species 
and probability 
∆(∆G0)corr (cal/mol) b 
-X in DEDI (or CCl4) a 
DEDI/water or 
across DOPC bilayer 
-COOH 
C7 (98%, anti) or  
C5 (40%, syn) 
-1780 ± 154 
-COOMe C5 (43%) -1780 ± 154 
-CONMe2 (-CONMe-) C5 (86%) -3365 ± 232 
-CONHMe (-CONH-)   C5 (38%) and C7 (41%) -2656 ± 178 
a Since the results obtained in CCl4 and DEDI are very similar, only the CCl4 results are 
presented in the table as the representative.  b Generated in the chapter 3 using the new 
LFER approach for peptide transfer from water to 1,9-decadiene or to DOPC/eggPC 
bilayers interior.  
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Table 5.2. Partial Charges of MPA-G-X/MPA-X ((MPA = CH3C6H4CH2CO-; -G- = -
NHCH2CO-; X = -NHMe, -NMe2, -OH, and -OMe) or mpa-gly-x/mpa-x (mpa = 
CH3C6H4CH2-; -gly- = -CONHCH2-; x = -CONHMe, -CONMe2, -COOH, and -COOMe). 
(The atom numbering is depicted in Scheme 5.1.  HF/6-31G* and B3LYP/ccp-VDZ base 
sets were used to generate the partial atomic charges in water and nonpolar organic 
solvents, DEDI or CCl4, respectively.) 
Functiona
l groups 
Compound
s and 
Atoms 
HF/6-31G* 
B3LYP/ccp
-VDZ 
Functional 
groups 
Compound
s and 
Atoms 
HF/6-31G* 
B3LYP/cc
p-VDZ 
 
MPA-G-
NHMe 
   MPA-NHMe   
mpa- C1 -0.1709 -0.1003 mpa- C1 -0.2055 -0.1385 
 H1a 0.0598 0.0406  H1a 0.069 0.0512 
 H2b 0.0598 0.0406  H2b 0.069 0.0512 
 H3c 0.0598 0.0406  H3c 0.069 0.0512 
 C2 0.1276 0.0928  C2 0.139 0.1013 
 C3 -0.2204 -0.1797  C3 -0.2078 -0.1655 
 H3a 0.1488 0.1175  H3a 0.1478 0.1154 
 C4 -0.2204 -0.1797  C4 -0.2078 -0.1655 
 H4a 0.1488 0.1175  H4a 0.1478 0.1154 
 C5 -0.166 -0.1316  C5 -0.1933 -0.1447 
 H5a 0.158 0.1274  H5a 0.1443 0.1112 
 C6 -0.166 -0.1316  C6 -0.1933 -0.1447 
 H6a 0.158 0.1274  H6a 0.1443 0.1112 
 C7 0.0408 0.0190  C7 0.1213 0.0534 
 C8 -0.1486 -0.0988  C8 -0.3074 -0.1945 
 H8a 0.0717 0.0559  H8a 0.1164 0.0882 
 H8b 0.0717 0.0559  H8b 0.1164 0.0882 
-gly- C9 0.5767 0.3751     
 O1 -0.583 -0.4788     
 N1 -0.3945 -0.1951     
 H1n 0.2299 0.1649     
 C10 -0.0488 -0.0424     
 H10a 0.0892 0.0702     
 H10b 0.0892 0.0702     
-CONHMe C11 0.5524 0.3635 -CONHMe C9 0.6558 0.4423 
 O2 -0.5268 -0.4281  O1 -0.5975 -0.4852 
 N2 -0.4317 -0.2670  N1 -0.4198 -0.2447 
 H2n 0.2868 0.2343  H1n 0.2679 0.2078 
 C12 -0.1498 -0.1285  C10 -0.2029 -0.1711 
 H12a 0.0993 0.0828  H10a 0.1091 0.0888 
 H12b 0.0993 0.0828  H10b 0.1091 0.0888 
 H12c 0.0993 0.0828  H10c 0.1091 0.0888 
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MPA-G-
NMe2 
   MPA-NMe2   
mpa- C1 -0.1616 -0.0893 mpa- C1 -0.1783 -0.1046 
 H1a 0.0572 0.0376  H1a 0.0619 0.0421 
 H2b 0.0572 0.0376  H2b 0.0619 0.0421 
 H3c 0.0572 0.0376  H3c 0.0619 0.0421 
 C2 0.1287 0.0971  C2 0.1162 0.0864 
 C3 -0.2213 -0.1851  C3 -0.1963 -0.163 
 H3a 0.1487 0.1183  H3a 0.1433 0.1144 
 C4 -0.2213 -0.1851  C4 -0.1963 -0.163 
 H4a 0.1487 0.1183  H4a 0.1433 0.1144 
 C5 -0.1734 -0.1368  C5 -0.1741 -0.1401 
 H5a 0.1603 0.1291  H5a 0.1631 0.1314 
 C6 -0.1734 -0.1368  C6 -0.1741 -0.1401 
 H6a 0.1603 0.1291  H6a 0.1631 0.1314 
 C7 0.0391 0.0235  C7 -0.0067 -0.0078 
 C8 -0.0933 -0.0696  C8 -0.0312 -0.0232 
 H8a 0.0573 0.0478  H8a 0.0585 0.0495 
 H8b 0.0573 0.0478  H8b 0.0585 0.0495 
-gly- C9 0.5815 0.3871     
 O1 -0.5958 -0.4901     
 N1 -0.4662 -0.2554     
 H1n 0.2605 0.1884     
 C10 -0.0017 -0.0151     
 H10a 0.1035 0.0857     
 H10b 0.1035 0.0857     
-CONMe2 C11 0.4738 0.3166 -CONMe2 C9 0.4102 0.2745 
 O2 -0.5339 -0.438  O1 -0.5589 -0.4612 
 N2 -0.1552 -0.0675  N1 -0.0795 -0.0129 
 C12 -0.1767 -0.1316  C10 -0.1510 -0.0971 
 H12a 0.0848 0.0676  H10a 0.0609 0.0425 
 H12b 0.0848 0.0676  H10b 0.0609 0.0425 
 H12c 0.0848 0.0676  H10c 0.0609 0.0425 
 C13 -0.1256 -0.0709  C11 -0.1134 -0.0588 
 H13a 0.0834 0.0604  H11a 0.0784 0.0555 
 H13b 0.0834 0.0604  H11b 0.0784 0.0555 
 H13c 0.0834 0.0604  H12c 0.0784 0.0555 
 MPA-G-OH    MPA-OH   
mpa- C1 -0.1755 -0.1103 mpa- C1 -0.1771 -0.1047 
 H1a 0.0622 0.0445  H1a 0.0623 0.0433 
 H2b 0.0622 0.0445  H2b 0.0623 0.0433 
 H3c 0.0622 0.0445  H3c 0.0623 0.0433 
 C2 0.116 0.0814  C2 0.1228 0.0887 
 C3 -0.2056 -0.163  C3 -0.2045 -0.1673 
 H3a 0.1456 0.1141  H3a 0.1490 0.1189 
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 C4 -0.2056 -0.163  C4 -0.2045 -0.1673 
 H4a 0.1456 0.1141  H4a 0.1490 0.1189 
 C5 -0.1659 -0.1346  C5 -0.1809 -0.1449 
 H5a 0.1553 0.1261  H5a 0.1541 0.1237 
 C6 -0.1659 -0.1346  C6 -0.1809 -0.1449 
 H6a 0.1553 0.1261  H6a 0.1541 0.1237 
 C7 0.0226 0.0054  C7 0.0397 0.0259 
 C8 -0.0971 -0.0632  C8 -0.0756 -0.0519 
 H8a 0.0611 0.05  H8a 0.0571 0.0465 
 H8b 0.0611 0.05  H8b 0.0571 0.0465 
-gly- C9 0.5926 0.3963     
 O1 -0.5813 -0.476     
 N1 -0.5162 -0.3123     
 H1n 0.2767 0.2099     
 C10 -0.0204 -0.0272     
 H10a 0.1178 0.0992     
 H10b 0.1178 0.0992     
-COOH C11 0.7571 0.5859 -COOH C9 0.7350 0.5689 
 O2 -0.5783 -0.4793  O1 -0.5923 -0.4885 
 O3 -0.6713 -0.5414  O2 -0.6489 -0.5208 
 H3o 0.4719 0.4137  H2o 0.4599 0.3987 
 
MPA-G-
OMe 
   MPA-OMe   
mpa- C1 -0.1653 -0.0961 mpa- C1 -0.1669 -0.1002 
 H1a 0.0578 0.0392  H1a 0.0588 0.0409 
 H2b 0.0578 0.0392  H2b 0.0588 0.0409 
 H3c 0.0578 0.0392  H3c 0.0588 0.0409 
 C2 0.1428 0.1078  C2 0.1161 0.0856 
 C3 -0.2346 -0.1916  C3 -0.2053 -0.1673 
 H3a 0.1517 0.1203  H3a 0.1481 0.1177 
 C4 -0.2346 -0.1916  C4 -0.2053 -0.1673 
 H4a 0.1517 0.1203  H4a 0.1481 0.1177 
 C5 -0.1551 -0.1272  C5 -0.1719 -0.1365 
 H5a 0.1555 0.1266  H5a 0.1393 0.1105 
 C6 -0.1551 -0.1272  C6 -0.1719 -0.1365 
 H6a 0.1555 0.1266  H6a 0.1393 0.1105 
 C7 0.0368 0.021  C7 0.0841 0.0568 
 C8 -0.1533 -0.1016  C8 -0.2102 -0.1526 
 H8a 0.0703 0.0539  H8a 0.0780 0.0604 
 H8b 0.0703 0.0539  H8b 0.0780 0.0604 
-gly- C9 0.6058 0.4066     
 O1 -0.5722 -0.4681     
 N1 -0.4115 -0.2192     
 H1n 0.2345 0.1722     
 C10 -0.2589 -0.2414     
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 H10a 0.1451 0.124     
 H10b 0.1451 0.124     
-COOMe C11 0.8787 0.6928 -COOMe C9 0.7886 0.6095 
 O2 -0.5804 -0.4798  O1 -0.5924 -0.4857 
 O3 -0.452 -0.3451  O2 -0.4115 -0.3092 
 C12 0.0008 0.0014  C10 -0.0237 -0.0203 
 H12a 0.085 0.0733  H10a 0.0877 0.0746 
 H12b 0.085 0.0733  H10b 0.0877 0.0746 
 H12c 0.085 0.0733  H10c 0.0877 0.0746 
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Table 5.3. Components of Free Energy (Internal Energy, Electrostatic Internal Energies, 
Internal Entropy Term, GB Nonpolar Solvation Energy, and GB Polar Solvation Energy) 
and Nonpolar Surface Areas of MPA-G-X/MPA-X in Water, DEDI, and CCl4.  
Compounds Solvents 
Einternal 
(kcal/mol) 
(Eele) a 
(kcal/mol) 
-TSinternal 
(kcal/mol) 
Gnp 
(kcal/mol) 
Gp 
(kcal/mol) 
Anp_total 
(Å2) 
Anp_gly 
(Å2) 
MPA-OH 
(anti) 
Water 15.9 ± 3.1 -3.3 ± 1.1 -31.8 ± 0.1 1.8 ± 0.0 -16.6 ± 1.2 247.0  
MPA-OH 
(syn) 
Water 15.8 ± 2.9 -3.3 ± 1.1 -31.7 ± 0.1 1.8 ± 0.0 -16.8 ± 1.2 247.0  
MPA-OMe Water 17.5 ± 3.1 -3.9 ± 1.0 -34.2 ± 0.1 2.5 ± 0.0 -6.5 ± 0.5 347.0  
MPA-NHMe Water 16.3 ± 3.2 -5.6 ± 1.5 -34.7 ± 0.1 2.4 ± 0.0 -9.5 ± 0.7 331.0  
MPA-NMe2 Water 26.4 ± 3.3 -0.4 ± 1.0 -36.3 ± 0.3 2.7 ± 0.0 -8.3 ± 0.8 374.0  
MPA-G-OH 
(anti) 
Water 12.8 ± 4.3 -14.7 ± 4.6 -39.7 ± 0.4 2.0 ± 0.0 -23.0 ± 3.1 284.0 37.0 
MPA-G-OH 
(syn) 
Water 12.5 ± 3.6 -19.2 ± 2.8 -39.8 ± 0.2 2.0 ± 0.0 -17.2 ± 1.4 281.0 34.0 
MPA-G-OMe Water 17.6 ± 3.8 -12.2 ± 2.6 -42.3 ± 0.3 2.8 ± 0.0 -12.4 ± 1.0 382.0 35.0 
MPA-G-
NHMe 
Water 20.7 ± 3.9 -10.4 ± 2.5 -42.4 ± 0.2 2.6 ± 0.0 -14.3 ± 1.7 366.0 35.0 
MPA-G-
NMe2 
Water 26.7 ± 4.1 -8.7 ± 2.8 -44.5 ± 0.2 2.9 ± 0.0 -12.9 ± 1.6 407.0 33.0 
MPA-OH 
(anti) 
DEDI 16.7 ± 2.9 -3.0 ± 1.0 -31.8 ± 0.1 -3.5 ± 0.1 -6.0 ± 0.5 247  
MPA-OH 
(syn) 
DEDI 17.8 ± 2.9 -5.8 ± 0.9 -31.8 ± 0.1 -3.5 ± 0.1 -4.3 ± 0.3 250  
MPA-OMe DEDI 19.2 ± 3.1 -2.5 ± 0.6 -34.2 ± 0.1 -4.9 ± 0.1 -2.5 ± 0.2 347  
MPA-NHMe DEDI 18.4 ± 3.1 -3.6 ± 0.9 -34.7 ± 0.1 -4.6 ± 0.1 -3.5 ± 0.3 331  
MPA-NMe2 DEDI 25.6 ± 3.3 -1.2 ± 0.5 -36.2 ± 0.2 -5.2 ± 0.1 -3.1 ± 0.3 368.0  
MPA-G-OH 
(anti) 
DEDI 11.7 ± 3.6 -17.4 ± 2.9 -39.1 ± 0.1 -4.1 ± 0.1 -6.2 ± 0.5 291.0 44.0 
MPA-G-OH 
(syn) 
DEDI 16.4 ± 3.4 -14.4 ± 1.8 39.7 ± 0.1 -3.9 ± 0.1 -6.6 ± 0.4 279.0 29.0 
MPA-G-OMe DEDI 19.7 ± 3.6 -9.6 ± 1.6 -42.2 ± 0.1 -5.3 ± 0.1 -4.4 ± 0.4 377 30.0 
MPA-G-
NHMe 
DEDI 22.9 ± 3.6 -8.5 ± 1.6 -42.3 ± 0.2 -5.0 ± 0.1 -4.9 ± 0.5 360 29.0 
MPA-G-
NMe2 
DEDI 27.4 ± 3.9 -7.7 ± 1.2 -44.5 ± 0.1 -5.7 ± 0.1 -4.9 ± 0.3 405.0 37.0 
MPA-OH 
(anti) 
CCl4 16.4 ± 2.8 -3.2 ± 1.0 -31.8 ± 0.1 -3.0 ± 0.0 -5.9 ± 0.7 247.0  
MPA-OH 
(syn) 
CCl4 17.8 ± 2.8 -5.8 ± 0.9 -31.8 ± 0.1 -3.0 ± 0.0 -4.3 ± 0.3 250.0  
MPA-OMe CCl4 18.6 ± 3.0 -2.5 ± 0.6 -34.2 ± 0.1 -4.2 ± 0.0 -2.5 ± 0.2 347.0  
MPA-NHMe CCl4 17.6 ± 3.0 -3.7 ± 0.9 -34.7 ± 0.1 -4.0 ± 0.0 -3.5 ± 0.3 332.0  
MPA-NMe2 CCl4 25.1 ± 3.2 -1.3 ± 0.5 -36.2 ± 0.2 -4.4 ± 0.1 -3.1 ± 0.3 368.0  
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MPA-G-OH 
(anti) 
CCl4 10.1 ± 3.3 -17.6 ± 2.7 -39.1 ± 0.1 -3.5 ± 0.0 -6.0 ± 0.4 291.0 44.0 
MPA-G-OH 
(syn) 
CCl4 16.2 ± 3.6 -14.5 ± 1.8 -39.7 ± 0.1 -3.3 ± 0.0 -6.5 ± 0.4 278.0 28.0 
MPA-G-OMe CCl4 19.1 ± 3.7 -9.6 ± 1.6 -42.2 ± 0.1 -4.6 ± 0.0 -4.5 ± 0.3 381.0 34.0 
MPA-G-
NHMe 
CCl4 22.2 ± 3.7 -8.8 ± 1.7 -42.3 ± 0.2 -4.3 ± 0.1 -4.7 ± 0.6 361.0 29.0 
MPA-G-
NMe2 
CCl4 26.8 ± 3.8 -7.7 ± 1.2 -44.5 ± 0.2 -4.9 ± 0.0 -4.7 ± 0.3 405.0 37.0 
 
a. The electrostatic components of internal energies  
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Figure 5.1. Distance between certain atoms in MPA-G-NHMe solvated in DEDI versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 0.2 ns time frame.  Upper 
panels reflect the rO(1)…HN(2) distance (internal =CO and external –NH, C7).  Lower panels 
reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).   
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Figure 5.2. Distance (rN(1)H…O(2), internal –NH and external =CO, C5 HB) in MPA-G-
NMe2 solvated in DEDI versus simulation time.  Left panel: 20 ns time frame; Right 
panel: 1.5 ns time frame. 
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Figure 5.3. Distance between certain atoms in MPA-G-OH (anti) solvated in DEDI 
versus simulation time.  Left panels: 20 ns time frame; Right panels: 1.5 ns time frame.  
Upper panels reflect the rO(1)…HO distance (internal =CO and external –OH, C7 HB).  
Lower panels reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).  
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Figure 5.4. Distance between certain atoms in MPA-G-OH (syn) solvated in DEDI versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 1.5 ns time frame.  Upper 
panels reflect the rO(1)…HO distance (internal =CO and external –OH, C7 HB).  Lower 
panels reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).  
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Figure 5.5. Distance (rN(1)H…O(2), internal –NH and external =CO, C5 HB) in MPA-G-
OMe solvated in DEDI versus simulation time.  Left panels: 20 ns time frame; Right 
panels: 0.2 ns time frame.  
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Figure 5.6. Distance between certain atoms in MPA-G-NHMe solvated in water versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 0.2 ns time frame.  Upper 
panels reflect the rO(1)…HN(2) distance (internal =CO and external –NH, C7).  Lower panels 
reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB). 
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Figure 5.7. Distance (rN(1)H…O(2), internal –NH and external =CO, C5 HB) in MPA-G-
NMe2 solvated in water versus simulation time.  Left panel: 20 ns time frame; Right 
panel: 1.5 ns time frame. 
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Figure 5.8. Distance between certain atoms in MPA-G-OH (anti) solvated in water versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 1.5 ns time frame.  Upper 
panels reflect the rO(1)…HO distance (internal =CO and external –OH, C7 HB).  Lower 
panels reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).  
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Figure 5.9. Distance between certain atoms in MPA-G-OH (syn) solvated in water versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 1.5 ns time frame.  Upper 
panels reflect the rO(1)…HO distance (internal =CO and external –OH, C7 HB).  Lower 
panels reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).
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Figure 5.10. Distance (rN(1)H…O(2), internal –NH and external =CO, C5 HB) in MPA-G-
OMe solvated in water versus simulation time.  Left panels: 20 ns time frame; Right 
panels: 0.2 ns time frame. 
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Figure 5.11. Distance between certain atoms in MPA-G-NHMe solvated in CCl4 versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 0.2 ns time frame.  Upper 
panels reflect the rO(1)…HN(2) distance (internal =CO and external –NH, C7).  Lower panels 
reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).   
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Figure 5.12. Distance (rN(1)H…O(2), internal –NH and external =CO, C5 HB) in MPA-G-
NMe2 solvated in CCl4 versus simulation time.  Left panel: 20 ns time frame; Right panel: 
1.5 ns time frame. 
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Figure 5.13.  Distance between certain atoms in MPA-G-OH (anti) solvated in CCl4 
versus simulation time.  Left panels: 20 ns time frame; Right panels: 1.5 ns time frame.  
Upper panels reflect the rO(1)…HO distance (internal =CO and external –OH, C7 HB).  
Lower panels reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB). 
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Figure 5.14. Distance between certain atoms in MPA-G-OH (syn) solvated in CCl4 versus 
simulation time.  Left panels: 20 ns time frame; Right panels: 1.5 ns time frame.  Upper 
panels reflect the rO(1)…HO distance (internal =CO and external –OH, C7 HB).  Lower 
panels reflect the rN(1)H…O(2) distance (internal –NH and external =CO, C5 HB).  
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Figure 5.15.  Distance (rN(1)H…O(2), internal –NH and external =CO, C5 HB) in MPA-G-
OMe solvated in CCl4 versus simulation time.  Left panels: 20 ns time frame; Right 
panels: 0.2 ns time frame. 
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Figure 5.16. Ramachandran plots of the torsional angles (φ, ψ) for MPA-G-X in DEDI. 
Top left: MPA-G-OH (anti); Top right: MPA-G-OH (syn); Middle: MPA-G-OMe; 
Bottom left: MPA-G-74NHMe; Bottom right: MPA-G-NMe2. 
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Figure 5.17. Ramachandran plots of the torsional angles (φ, ψ) for MPA-G-X in DEDI. Top left: 
MPA-G-OH (anti); Top right: MPA-G-OH (syn); Middle: MPA-G-OMe; Bottom left: MPA-G-
NHMe; Bottom right: MPA-G-NMe2. 
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Figure 5.18. Ramachandran plots of the torsional angles (φ, ψ) for MPA-G-X in CCl4. 
Top left: MPA-G-OH (anti); Top right: MPA-G-OH (syn); Middle: MPA-G-OMe; 
Bottom left: MPA-G-NHMe; Bottom right: MPA-G-NMe2.   
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Figure 5.19. Radial distribution functions, g(r) between certain backbone atoms of MPA-
G-X and water molecules in aqueous solution.  From top to bottom (left and right panels 
belong to the same compound): MPA-G-OMe, MPA-G-NHMe, and MPA-G-NMe2. 
(O(1)…HW: internal =CO and water hydrogen; O(2)…HW external =CO and water hydrogen; 
N(1)H…OW: internal –NH hydrogen and water oxygen; N(2)H…OW: external –NH hydrogen 
and water oxygen.) 
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Figure 5.20. Radial distribution function g(r) between certain backbone atoms of MPA-
G-OH and water molecules in aqueous solution.   Top: MPA-G-OH (anti); bottom: MPA-
G-OH (syn). (O(1)…HW: internal =CO and water hydrogen; O(2)…HW external =CO and 
water hydrogen; N(1)H…OW: internal –NH hydrogen and water oxygen.) 
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6. CHAPTER SIX 
Summary and Conclusions 
 
The focus of this thesis was the development of linear free energy relationships to 
predict physicochemical properties, such as oil/water partition coefficients and membrane 
permeability, of small organic molecules including peptides in triglyceride solvents and 
lipid bilayers.  In the development of LFERs, the formation of HBs, intermolecular HBs 
in triglyceride solvents and intramolecular HBs within the bilayer barrier domain, proved 
to be important in governing solubility in lipid vehicles, lipid/water partitioning, and 
membrane transport using both experimental and computational approaches.   
The first topic explored in this thesis was the role of triglyceride ester 
concentration on small molecule partitioning between lipid vehicles and water, including 
the effect of ester concentration on water uptake.  The influence of solvated water was 
further examined in the studies of small molecule solubility in dry and water saturated 
lipid vehicles varying in triglyceride ester concentration.  A series of model solutes with 
varying polarity and hydrogen bond donating/accepting abilities were chosen for this 
study and the triglyceride ester concentrations were varied by changing the ratios of 
squalane/tricaprylin in the solvent mixtures.  General linear free energy solvation 
relationships having the form utilized previously by Abraham were obtained at each 
solvent composition. An examination of the solvent descriptors indicated that those 
descriptors representing the sensitivity of the solvent to the solute dipolarity/polarizability, 
s, and to the hydrogen bond acidity of the solute, a, vary systematically with the ester 
concentration in the solvent mixtures.  An empirical equation has been derived, which 
offers the potential for predicting triglyceride/water partition coefficients for small 
molecules for which Abraham solute descriptors can be obtained.  Water uptake in 
triglyceride vehicles was found to be approximately linear with water activity.  The 
solubilities of benzamide and N-methylbenzamide were further enhanced by water uptake.  
In addition, a modest “water-dragging” effect by N-methylbenzamide in the triglycerides 
was observed. 
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The second topic explored in this thesis was the suitability of fragment-based 
linear free energy relationships (LFERs) to predict lipid bilayer permeability coefficients 
and decadiene/water partition coefficients of a set of 47 model permeants.  For the 
RGZ/RZ series of compounds (R- = acetyl (Ac), p-toluyl (Tol), 4-methylphenyl acetyl 
(MPA), and 4-carboxymethylphenyl acetyl (CMPA) and -Z = -OH, -OMe, -NHMe, and -
NMe2), the variations in R- had no significant impact on ∆(∆G°)gly.  On the other hand, 
noteworthy effects of neighboring (i+1) -Z substituents at the C-terminus were revealed 
both in the permeation of RGZ/RZ compound pairs across DOPC bilayers and 
partitioning between water and DEDI.  The proximity effects diminished when a polar 
organic solvent, 1-octanol, was used in the partitioning experiments, suggesting a 
possible role for intramolecular hydrogen bonding in the observed nonadditivity of 
∆(∆G°)-CONH-.  A new LFER using formic acid as the universal reference compound to 
predict DEDI/water partition coefficients was developed by including the contributions of 
polar fragments, total nonpolar surface area of nonpolar fragments, and correction factors 
to account for the effects of i+1 substituents on the group contribution of the peptide 
backbone amide bond to the transfer free energy.  Moreover, the new LFER could be 
used to predict lipid bilayer (in liquid crystalline phase) permeability coefficients by 
including an additional term to account for the added influence of molecular size on 
bilayer permeability.     
A third topic investigated in this thesis was the intramolecular hydrogen bonding 
of MPA-G-X (MPA = 4-methylphenyl acetyl; X = -OMe, -NHMe, and -NMe2) in CCl4 
using FTIR spectroscopy.  The formation free energy of C5 intramolecular HBs in MPA-
G-OMe and MPA-G-NMe2 at 25 °C in CCl4 were determined to be -0.1 and -0.9 kcal/mol, 
respectively, by variable temperature FTIR experiments.  The corresponding C5 HB 
probabilities in these two compounds were 54% and 82%, which inversely correlated 
with the trend discovered in Chapter 3 that –COOMe (-COOH) and –CONMe2 (-
CONMe-) C-termini/i+1 residues can lower the contribution of the ith peptide backbone 
amide to the peptide transfer free energy from water to DEDI or DOPC/eggPC bilayers 
by -1.8 and -3.4 kcal/mol, respectively.  FTIR results also revealed that C5 and C7 
intramolecular HBs coexist in MPA-G-NHMe solvated in CCl4.  These observations 
 
200
implied that the formation of intramolecular HBs in small peptides could be the cause for 
the apparent nonadditivity of ∆(∆G0)gly or ∆(∆G0)-CONH- reported in Chapter 3.   
The final topics explored in this thesis were the conformations of the MPA-G-X 
(MPA = 4-methylphenyl acetyl; X = -OMe, -OH, -NHMe, and NMe2) series of 
compounds solvated in water, DEDI, and CCl4 using MD simulations and the possible 
contributions of intramolecular hydrogen bonding versus partial atomic charge 
differences to the nonadditivity of ∆(∆G0)gly or ∆(∆G0)-CONH- obtained previously for the 
MPA-G-X/MPA-X series of compounds.  The probabilities of intramolecular HBs in the 
MPA-G-X peptides solvated in both DEDI and CCl4 were comparable to each other, 
while the conformations adopted by the same peptides were more extended in water than 
in the two organic solvents.  MDS generated similar probabilities of C5 HBs in MPA-G-
OMe and MPA-G-NMe2 solvated in CCl4 as those determined by the FTIR method 
suggesting the potential of the AMBER force field to predict intramolecular hydrogen 
bonding in peptides.  More significantly, MD simulations established a qualitative 
correlation between the probabilities of intramolecular HBs in the MPA-G-X peptides, if 
the MPA-G-OH (anti) was not considered, and the nonadditivity of ∆(∆G0)gly or ∆(∆G0)-
CONH- obtained in Chapter 3.  MD simulation was also used to calculate the partial atomic 
charges in the MPA-G-X/MPA-X series of compounds to evaluate the inductive effect of 
various C-termini (-X) on the glycine residues.  The results implied that the partial atomic 
charge effect may not be as important as the formation of intramolecular HBs.  The total 
free energies of the MPA-G-X/MPA-X series of compounds in water, DEDI and CCl4 
were also calculated.  Nonetheless, these analyses failed to generate accurate results to 
replicate the experimental ∆(∆G0)gly for the series of MPA-G-X/MPA-X compounds 
transferring from water to DEDI or CCl4.  Overall, these results favored the 
intramolecular HBs hypothesis over partial atomic charge hypothesis (inductive effect) in 
the explanation of neighboring group effects.   
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